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THESIS ABSTRACT
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Fourth generation (4G) wireless communication standards have adopted multiple-
input-multiple-output (MIMO) systems to cater for high data rate requirements.
For a successful implementation of these standards, the antenna of MIMO sys-
tems is an important design consideration. The MIMO systems require that their
antenna with multiple elements should have high port isolation and low correlation
between it elements. The wireless devices, where these systems are implemented
require that their antenna must be low-proﬁle and ﬁt within the enclosing of the
device. Together, these restrictions make the design of antennas for the MIMO
systems a challenging task. Antenna is still one of the largest parts of any commu-
nication device. A standard antenna dimension correspond to half-wavelength of
its operating frequency. Decreasing the size of antenna beyond this limit severely
xvii
degrades its radiation characteristics. For MIMO systems, accommodating multi-
ple antenna elements in a limited space is therefore a serious issue which requires
novel antenna miniaturization techniques. These techniques should try to reach
the best possible practical limit of small antennas while maintaining reasonable
radiation characteristics. In this work, antennas for MIMO systems are designed
for various standards between 0.7 GHz to 6 GHz. All the designed antennas are
planar, low-proﬁle and uses modiﬁed microstrip patch antennas (MPAs) as the
elements. A metamaterial (MTM) inspired technique is proposed which uses the
complementary split-ring resonator (CSRR) for MPA miniaturization. We ﬁrst
thoroughly investigate the miniaturization technique and then develop design pro-
cedures based on it. An 80% miniaturization in the patch area is achieved using the
proposed method in the 700 MHz band and 65% miniaturization is achieved in the
5GHz band. The miniaturized MPA thus developed are used to design 2-element
MIMO antenna systems in the lower LTE band, 4-element MIMO antenna sys-
tems in the ISM band and 8-element MIMO antenna systems in the WiFi band.
All the designs are highly compact and conform to the dimensions of a standard
wireless device. An MTM-inspired isolation enhancement technique is also used
with the proposed antennas. The technique is simple to implement and give a
minimum increase of 5 dB in the isolation between antenna elements.
xviii
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  ﻣﺘﻌﺪدة اﻟﻤﺪﺧﻼت و اﻟﻤﺨﺮﺟﺎت
 اﻟﻜﮭﺮﺑﺎﺋﯿﺔ اﻟﮭﻨﺪﺳﺔ   اﻟﺘﺨﺼﺺ:
  5102 ﯾﻨﺎﯾﺮ  :ﺗﺎرﻳﺦ اﻟﺪرﺟﺔ اﻟﻌﻠﻤﻴﺔ
 
 
 )OMIM(اﻷﻧﻈﻤﺔ ذات اﻟﻤﺪاﺧﻞ واﻟﻤﺨﺎرج اﻟﻤﺘﻌﺪدة  )G4(ﻟﻘﺪ ﺗﺒﻨّﺖ ﻣﻌﺎﯾﯿﺮ ﺗﻘﻨﯿﺔ اﻟﺠﯿﻞ اﻟﺮاﺑﻊ ﻟﻼﺗﺼﺎﻻت 
ﻟﺘﻮﻓﯿﺮ ﻣﻌّﺪل ﻧﻘﻞ ﺑﯿﺎﻧﺎت ﻋﺎﻟﻲ اﻟﺴﺮﻋﺔ. إن اﻟﮭﻮاﺋﻲ ﯾﻜّﻮن ﺟﺰء ﻣﮭﻢ وﺣّﺴﺎس ﻣﻦ ھﺬه اﻷﻧﻈﻤﺔ ﻟﻜﻲ ﺗﻌﻤﻞ ﺑﻨﺠﺎح 
ﯿﻦ اﻟﻌﻨﺎﺻﺮ اﻟﻤﻜّﻮﻧﺔ ﻟﻠﮭﻮاﺋﻲ ﻟﻜﻲ ﺗﻤﻨﻊ اﻟﺘﺪاﺧﻞ وﻓﺎﻋﻠﯿﺔ. ﺑﺎﻹﺿﺎﻓﺔ إﻟﻰ ﺣﺎﺟﺔ ھﺬه اﻷﻧﻈﻤﺔ إﻟﻰ ﻋﺰل ﻋﺎﻟﻲ اﻟﻜﻔﺎءة ﺑ
ﺑﯿﻨﮭﻢ. ﯾﺠﺐ ﻋﻠﻰ ھﺬه اﻟﮭﻮاﺋﯿّﺎت أن ﻻ ﺗﺤﺘﻞ ﺣﯿﺰا ًﻛﺒﯿﺮا ًوأن ﺗﺆدي ﻏﺮﺿﮭﺎ ﺑﺄﻗﻞ ﻛﻠﻔﺔ ﻣﻤﻜﻨﺔ وﯾﺠﺐ ﻋﻠﯿﮭﺎ أﯾﻀﺎ ًأن 
ﯾﺘﻨﺎﺳﺐ ﺗﺼﻤﯿﻤﮭﺎ وﺣﺠﻤﮭﺎ ﻟﻮﺿﻌﮭﺎ داﺧﻞ اﻷﺟﮭﺰة اﻟﻼﺳﻠﻜﯿﺔ. ھﺬه اﻟﻤﻌﻄﯿﺎت ﺗﺠﻌﻞ ﻣﻦ ﺗﺼﻤﯿﻢ اﻟﮭﻮاﺋﯿّﺎت ﻟﻸﻧﻈﻤﺔ 
ﺪاﺧﻞ واﻟﻤﺨﺎرج اﻟﻤﺘﻌﺪدة أﻣﺮا ًﺻﻌﺒﺎ،ً ﺣﯿﺚ ﯾُﻌﺘﺒﺮ اﻟﮭﻮاﺋﻲ ﻣﻦ أﻛﺒﺮ اﻷﺟﺰاء ﻓﻲ أﺟﮭﺰة اﻻﺗﺼﺎﻻت. إن ذات اﻟﻤ
اﻟﺤﺠﻢ اﻹﻋﺘﯿﺎدي ﻟﻠﮭﻮاﺋﻲ ﯾﻜﻮن ﻧﺼﻒ اﻟﻄﻮل اﻟﻤﻮﺟﻲ اﻟﻤﻄﺎﺑﻖ ﻟﻠﺘﺮدد اﻟﺬي ﯾﻌﻤﻞ ﻋﻠﯿﮫ اﻟﻨﻈﺎم، وﺗﺼﻐﯿﺮ ﺣﺠﻢ 
ﻋﻤﻠﮫ. إن ﻣﺤﺎوﻟﺔ وﺿﻊ ﻋّﺪة ﻋﻨﺎﺻﺮ اﻟﮭﻮاﺋﻲ إﻟﻰ أﻗﻞ ﻣﻦ ھﺬا اﻟﺤﺪ ﺳﻮف ﯾﺆﺛّﺮ ﺳﻠﺒﺎ ُوﺑﺸﻜﻞ ﻛﺒﯿﺮ ﻋﻠﻰ ﺧﺼﺎﺋﺼﮫ و
ﻟﻠﮭﻮاﺋﻲ ﻓﻲ أﻧﻈﻤﺔ اﻟﻤﺪاﺧﻞ واﻟﻤﺨﺎرج اﻟﻤﺘﻌﺪدة ﻓﻲ ﻣﺴﺎﺣﺔ ﺻﻐﯿﺮة ھﻮ ﻋﻤﻞ ﺻﻌﺐ ﺟﺪا،ً وھﺬا اﻟﻮﺿﻊ ﺳﺎﻋﺪ ﻋﻠﻰ 
ﺗﻄﻮﯾﺮ ﺗﻘﻤﯿﺎت ﺗﺼﻐﯿﺮ اﻟﮭﻮاﺋﯿّﺎت ﻣﻦ دون اﻟﺘﺄﺛﯿﺮ ﻋﻠﻰ ﺧﺼﺎﺋﺼﮭﺎ. ھﺬه اﻟﺘﻘﻨﯿﺎت ﺳﻮف ﺗﺼّﻐﺮ ﻣﻦ ﺣﺠﻢ اﻟﮭﻮاﺋﯿﺎت 
 ﻋﻤﻞ اﻟﮭﻮاﺋﻲ ﺿﻤﻦ اﻟﺤﺪ اﻟﻤﻘﺒﻮل. إﻟﻰ أﻗﺼﻰ ﺣﺪﱟ ﻣﻤﻜﻦ ﻣﻊ إﺑﻘﺎء ﺟﻮدة
 
ﻓﻲ ھﺬا اﻟﻌﻤﻞ، ﺗﻢ ﺗﺼﻤﯿﻢ ھﻮاﺋﯿّﺎت ﻷﻧﻈﻤﺔ اﻟﻤﺪاﺧﻞ واﻟﻤﺨﺎرج اﻟﻤﺘﻌﺪدة ﻟﻠﻌﻤﻞ ﻋﻠﻰ ﻋّﺪة ﻣﻘﺎﯾﯿﺲ وﺗﺮددات ﺑﯿﻦ 
ﻗﯿﻘﺎھﺮﺗﺰ. ﺟﻤﯿﻊ اﻟﮭﻮاﺋﯿّﺎت ﺗﻢ ﺗﺼﻤﯿﻤﮭﺎ ﻋﻠﻰ ﺳﻄﺢ ﻣﺴﺘٍﻮ وﻻ ﺗﺤﺘﻞ ﺣﯿﺰا ًﻛﺒﯿﺮا ًوذات ﻛﻔﺎءة  6ﻣﯿﻘﺎھﺮﺗﺰ إﻟﻰ  007
ﻛﻌﻨﺎﺻﺮ ﻟﮭﻮاﺋﻲ اﻟﻨﻈﺎم. وأﯾﻀﺎ ًﺗﻢ وﺿﻊ  )sAPM(ﮭﻮاﺋﯿّﺎت ذات اﻟﻘﻄﻊ اﻟﺴﻄﺤﯿﺔ اﻟﻤﻌّﺪﻟﺔ ﻣﻘﺒﻮﻟﺔ. وﺗﻢ اﺳﺘﺨﺪام اﻟ
ﻟﺘﺼﻐﯿﺮ  )RRSC(ﺗﺴﺘﺨﺪم ﻣﺮﻧﺎن ﻣﺼﻨﻮع ﻣﻦ ﻗﻄﮫ ﺣﻠﻘﯿﺔ ﻣﻜّﻤﻠﺔ  )MTM(طﺮﯾﻘﺔ ﻣﺴﺘﻮﺣﺎة ﻣﻦ اﻟﻤﻮاد اﻟﺨﺎرﻗﺔ 
ﻟﮭﻮاﺋﻲ ﺑﻨﺠﺎح ﺑﻨﺴﺒﺔ اﻟﮭﻮاﺋﯿّﺎت. ﺗﻢ ﻓﻲ اﻟﺒﺪاﯾﺔ دراﺳﺔ واﺳﺘﻜﺸﺎف اﻟﻄﺮﯾﻘﺔ ﺛﻢ ﺗﻄﺒﯿﻘﮭﺎ ﻋﻠﻰ اﻟﮭﻮاﺋﯿّﺎت. ﺗﻢ ﺗﺼﻐﯿﺮ ا
ﻗﯿﻘﺎھﺮﺗﺰ. ﺗﻢ ﻓﻲ ھﺬا اﻟﺒﺤﺚ اﺳﺘﺨﺪام  5ﻋﻠﻰ اﻟﺘﺮدد  %56ﻣﯿﻘﺎھﺮﺗﺰ وﺑﻨﺴﺒﺔ  007ﻟﻠﻌﻤﻞ ﻋﻠﻰ اﻟﺘﺮدد  %08
ﻟﻠﻌﻤﻞ ﻋﻠﻰ  )OMIM(اﻟﮭﻮاﺋﯿّﺎت اﻟﻤﺼّﻐﺮة ﻟﺼﻨﻊ ھﻮاﺋﻲ ذو ﻋﻨﺼﺮﯾﯿﻦ ﻷﻧﻈﻤﺔ اﻟﻤﺪاﺧﻞ واﻟﻤﺨﺎرج اﻟﻤﺘﻌﺪدة 
ﻟﻠﻌﻤﻞ  )OMIM(ﻋﻨﺎﺻﺮ ﻷﻧﻈﻤﺔ  4ﻨﻊ ھﻮاﺋﻲ ذو ، وﺗﻢ اﺳﺘﺨﺪاﻣﮭﻢ أﯾﻀﺎ ًﻟﺼ)ETL(اﻟﻨﻄﺎق اﻟﻤﻨﺨﻔﺾ ﻟﺘﻘﻨﯿﺔ ال
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ﻟﻠﻌﻤﻞ ﻋﻠﻰ ﻧﻄﺎق اﻟﺸﺒﻜﺔ اﻟﻼﺳﻠﻜﯿﺔ  )OMIM(ﻋﻨﺎﺻﺮ ﻷﻧﻈﻤﺔ ال 8وأﯾﻀﺎ ًﻟﺼﻨﻊ ھﻮاﺋﻲ ذو  )MSI(ﻋﻠﻰ ﻧﻄﺎق 
. ﺟﻤﯿﻊ اﻟﺘﺼﺎﻣﯿﻢ ذات أﺣﺠﺎم ﺻﻐﯿﺮة وﯾﻤﻜﻦ اﺳﺘﺨﺪاﻣﮭﺎ ﻓﻲ اﻷﺟﮭﺰة اﻟﺬﻛﯿﺔ ﺻﻐﯿﺮة اﻟﺤﺠﻢ. وﺗﻢ ﻓﻲ ھﺬا )iFiW(
ﻟﺰﯾﺎدة اﻟﻌﺰل ﺑﯿﻦ ﻋﻨﺎﺻﺮ  )MTM(اﻟﺒﺤﺚ أﯾﻀﺎ ًاﺳﺘﺨﺪام طﺮﯾﻘﺔ أﺧﺮى ﻣﺴﺘﻮﺣﺎة أﯾﻀﺎ ًﻣﻦ اﻟﻤﻮاد اﻟﺨﺎرﻗﺔ 
 ﻤﻜّﻮﻧﺔ ﻟﻠﮭﻮاﺋﻲ.دﯾﺴﯿﺒﻞ ﺑﯿﻦ اﻟﻌﻨﺎﺻﺮ اﻟ 5اﻟﮭﻮاﺋﯿّﺎت. اﻟﻄﺮﯾﻘﺔ ﺳﮭﻠﺔ اﻟﺘﻄﺒﯿﻖ وﺗﻮﻓّﺮ ﻋﺰل ﺑﻤﻘﺪار 
 
CHAPTER 1
INTRODUCTION
1.1 Background
The use of wireless devices is widespread. From personal use to industrial, medical
and military applications, they are everywhere and encompass diﬀerent applica-
tions. For spectrum sharing among various wireless applications and to deﬁne set
of protocols for wireless communication, various standards are speciﬁed. These
standards evolve according to the current and future needs and help in the design
of communication system architecture, communication devices, and their seamless
integration. Some of the widely used wireless standards along with their bands
of operation and applications are shown in Table 1.1. The radio broadcast stan-
dards are simple and mainly deﬁne the channel and bandwidth. The bluetooth
standard is deﬁned for short range communications and uses the licence free band
at 2.45 GHz. ZigBee is another wireless standard which utilizes the 915 MHz and
2.45 GHz unlicensed bands. It is deﬁned to make personal area networks for small,
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Table 1.1: Commonly Used Wireless Standards with their Applications
Wireless Standards Frequency Band(s) Application
Radio Broadcast
148.5 kHz - 283.5 kHz,
530 kHz - 1710 kHz,
3 MHz - 30 MHz,
88 MHz - 108 MHz
Long wave AM radio,
Medium wave AM radio
Short wave AM radio
FM radio
WiFi (802.11) 2.45 GHz, 5 GHz band Wireless networks
Bluetooth 2.45 GHz ISM band Short range communication
ZigBee 915 MHz, 2.45 GHz ISM bands Remote control, sensor appli-
cation
CDMA
Several bands between
400 MHz - 2.7 GHz
Cellular communication
WiMaX (802.16)
Several bands between
2 GHz - 11 GHz
Cellular communication
GSM
890 MHz - 960 MHz ,
1710 MHz-1880 MHz
Cellular communication
LTE
Several bands between
700 MHz - 3 GHz
low power devices and mostly used in remote control devices, wireless sensors and
automation applications.
Among many applications of wireless communication, the most dramatic
growth has been witnessed by the cellular mobile communications in the past
two decades. It has profoundly changed the way we communicate using voice,
video or data services. Today, more than 6.8 billion mobile phones are in use
around the globe and mobile communication services are available almost in ev-
ery country. According to Gartner, an IT research and market survey company,
around 1806 million smart phones were sold in the year 2013 [1]. The demand
for the smart phones will increase steadily and in the year 2017, there will be a
requirement of more than 2 billion smart phones in the market. Table 1.2 shows
the demand of diﬀerent devices in the previous and the coming years.
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Table 1.2: Market Forecast of Wireless Mobile Devices [1]
2012 2013 2014 2017
(in millions)
Laptops 341 315 302 271
Tablets 116 197 265 468
Mobile Phones 1746 1875 1949 2129
Total 2212 2410 2554 2964
Due to the huge market of cellular mobile communications, this area has drawn
a lot of attention among researchers. That is why the cellular communications has
witnessed very swift technological advancements. These advancements have taken
place in every ﬁeld related to cellular communications. These include the evolution
of new standards which outline the architecture of cellular communication as well
as the design of mobile terminal equipment.
Current and future mobile phones and tablets will work on the 4th generation
(4G) standard (also called the long term evolution (LTE) for mobile communica-
tions) while almost all such devices also provide WiFi services to connect with
wireless local area networks (WLAN). The new 4G standards as well as WiFi
standards (802.11) are designed to cater for high data rate requirements. In 4G
standards, several bands are designated which starts from 700 MHz and goes up
to 3 GHz [2]. WiFi on the other hand operates in 2.4 GHz and 5 GHz bands [3].
In both of these standards, multiple-input-multiple-output (MIMO) systems are
adopted to provide greater spectral eﬃciency and enhance the reliability of the
communication. In the lower bands of the LTE, up to 2×2 channel MIMO systems
are recommended while in the higher 5 GHzWiFi bands, up to 8×8 channel MIMO
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systems are proposed. These standards therefore, require challenging design con-
siderations when designing the communication block as well as radio-frequency
(RF) front-end of the mobile phones and tablets.
1.2 Motivation
An important part of any wireless communication device is its antenna. Although
it was a very simple structure e.g. extended wire in most of the initial wire-
less communication devices and did not receive much attention during the design
process, its design has become much more complex and now receives special con-
sideration. The performance of the communication device greatly depends on the
design of its antenna. Thus, with the advent of the new WiFi and 4G standards,
several research groups have pursued to present novel antenna designs for these
standards. The special focus is on the design of antennas for mobile terminal de-
vices, owning to its huge market. The main design consideration for such antennas
comes from the guidelines within the standards as well as from the shape and me-
chanical structure of the mobile terminal device. The new standards require that
the antenna of the device consist of multiple antenna elements called the ‘MIMO
antenna system’. The MIMO antenna system(s) must cover the LTE bands and
WiFi band(s) with good radiation and performance characteristics. The mobile
terminal design requires the antenna to be low-proﬁle with small form factor (i.e.
completely enclosed in the device and occupying minimal space). Together, these
requirements make the design of MIMO antenna system very challenging espe-
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cially in the lower LTE bands.
These challenges have motivated the antenna designers to come up with novel
antenna miniaturization methods, to increase isolation between closely placed an-
tenna elements and to design low proﬁle MIMO antennas with good performance
characteristics. The real hurdle lies in the fact that a conventional antenna has a
minimum dimension of a half-wavelength corresponding to its resonant frequency.
This length is 210 mm at the lower LTE band which is much greater than the
size of a normal mobile terminal device. While other parts of a communication
device have seen a considerable reduction in their size thanks to the use of the
micro-fabrication technology, reducing the size of the antenna is still a diﬃcult
and challenging task. Thus, without appropriate miniaturization, design of MIMO
antenna system for mobile terminal devices is impossible.
Any decrease in the size of antenna beyond this limit greatly degrades the
performance of the antenna. Theoretically, a small antenna has limits on the
bandwidth and eﬃciency that it can achieve [4]. Many researchers are constantly
struggling to develop designs and methods for miniaturized antennas that achieve
the best possible performance close to the theoretically deﬁned limits. Such eﬀorts
are more focused towards the miniaturization of planar printed antennas since they
are rugged and best integrated with other electronics in the mobile communication
device.
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1.3 Work Contribution
This research work is also aimed at developing a methodology for the design of
printed low-proﬁle miniaturized antennas for use as elements of a MIMO antenna
system in the 700 MHz to 5 GHz range. A microstrip patch antenna (MPA) is
investigated for miniaturization and for subsequent use as the basic element of
low-proﬁle and planar MIMO antenna systems. The goal is to develop a minia-
turization technique which: (i) eﬀectively reduces the size of MPA while keeping
the design planar; (ii) is applicable for the design of MPA in several bands; and
(iii) has minimum eﬀect on the performance of the antenna.
Using the miniaturized MPA elements, MIMO antenna systems are designed
for various bands which conform to the dimensions of standard mobile devices.
The antennas are characterized by measuring their performance characteristics
separately as well as at the system level by using a software deﬁned radio (SDR)
platform. The main contributions of this dissertation work are as follows;
• The development of a metamaterial (MTM) inspired technique for MPA
miniaturization which can be applied to design the antenna for various
bands. The method provides more than 80% miniaturization in the patch
area in the 700 MHz band. A design methodology based on the proposed
technique as well as its comparison with other known techniques is presented.
• The proposed design is analyzed using the theory of characteristic modes.
The modes supported by the design, radiation characteristic correspond-
ing to the mode as well as excitation of the modes are analyzed using the
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application of the theory.
• Design and performance evaluation of 2-element, 4-element and 8-element
MIMO antenna systems based on the proposed miniaturized MPA elements
for 700 MHz LTE band, 2.4 GHz Wiﬁ/LTE band, and 5 GHz Wiﬁ band,
respectively.
• System level characterization of the proposed MIMO antenna systems in a
real wireless indoor environment.
• An MTM-inspired isolation enhancement technique for the proposed MIMO
antenna systems.
1.4 Dissertation Overview
The dissertation is divided into six chapters. In chapter 2, an overview on the
theoretical limits on small antenna is given. Various techniques found in literature
for MPA miniaturization are discussed and analyzed in the same chapter.
In chapter 3, a novel technique is proposed for MPA miniaturization. The tech-
nique is thoroughly analyzed and discussed. The analysis is based on parametric
simulations as well as characteristic mode analysis (CMA) based theoretical tech-
nique. A design methodology is developed based on the proposed technique for the
design of small MPA. The proposed miniaturization technique is also compared
with other techniques found in literature.
Chapter 4 presents the performance evaluation metrics to assess the perfor-
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mance of a MIMO antenna system. A literature survey on the current state and
trends in the design of MIMO antenna systems is also given in the same chapter.
Chapter 5 presents the proposed designs of the various MIMO antenna systems
in this work. The designs are made in the lower LTE band, the ISM band and the
new 5 GHz WiFi band. A complete evaluation of these designs based on MIMO
performance metrics is given. A novel isolation enhancement technique for the
proposed MIMO antenna systems are also given.
Chapter 6 summarizes the research work, give conclusions and future work.
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CHAPTER 2
ELECTRICALLY SMALL
ANTENNAS AND
MINIATURIZATION OF MPA
Although initial antennas were mostly wire-type, and wire antennas are still widely
used in many applications, considerable attention has been given to printed an-
tennas during the past few decades. Printed antennas are the foremost choice
for use with mobile devices application. This is mainly due to their low-proﬁle,
ease of fabrication and compatibility with integrated circuit technology. A printed
antenna is normally fabricated by using printed circuit technology. Printed anten-
nas were ﬁrst presented during the 50’s of the last century, but they didn’t gain
much importance until the early 80’s. Many designs of printed antennas have
appeared in the literature since the 80’s. Several of these designs were thoroughly
analyzed analytically as well as numerically and their theory was developed for
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better understanding of their performance characteristics. The most commonly
used printed antennas are microstrip patch antennas (MPAs), printed monopoles
and dipoles, slot antennas, loop antennas, and printed inverted F-shaped antennas
(PIFA).
MPA is a well known planar printed antenna, whose theory of operation is well
developed. Due to its better understanding, and therefore ease of its design, it
has received considerable attention in literature. There are hundreds of research
articles on MPA and it is the topic of more than a dozen books [5]. Like any other
resonant antenna, a standard MPA also has dimensions equal to half-wavelength
corresponding to its operating frequency. Due to the low-proﬁle requirements and
compact size of most of the current wireless devices, the conventional MPA fails
to be a contender for their antenna due to its size especially in the lower bands. It
becomes further useless to be considered as an element of MIMO antenna system
in the LTE and WiFi bands for these devices. Any attempt to use the MPA
for such devices therefore require it to be miniaturized beyond its conventional
dimensions.
It was noted long time ago that while other electronics were getting smaller
and smaller, the ﬁeld of antennas and propagation was immune to digitization and
miniaturization [4]. Nevertheless, many attempts were made to understand the
limits on the size of antenna theoretically. This topic has been of interest for more
than a half century and even today, it receives considerable attention. Various
attempts have been made to analyze eﬀect of antenna size on its bandwidth and
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gain and to ﬁnd a relation between size, bandwidth and gain of antenna. It
is well established now that the size of antenna puts a fundamental limit on the
bandwidth and gain it achieves. Although, most of the work presented in literature
under the topic of electrically small antennas (ESA) is theoretical in nature and
does not clearly mention the methods to miniaturize a particular kind of antenna,
yet it gives a good insight into ESA and helps in better analysis of ESA designs.
With the help of novel materials and/or the intelligent design of antenna struc-
ture, many designs have been presented in literature which have resulted in the
miniaturization of antennas of various kinds. Like all other antennas, MPA has
also received such attention and several research articles have appeared in litera-
ture which presents various methods to reduce the size of the MPA.
This chapter starts with an overview of the theoretical work on the fundamen-
tal limits of ESAs. The theory gives the fundamentals of ESA and the limits of
such antennas. Since the focus of this work is on the miniaturization of MPA, it
then discusses the basics of MPA followed by a summary of research work that
has appeared in literature related to the miniaturization of the MPA.
2.1 Electrically Small Antennas (ESA)
It is well known that for a resonant antenna, to operate with good radiation char-
acteristics, a minimum dimension of half-wavelength is required. Any attempt to
decrease the size beyond the half-wavelength results in degradation of the perfor-
mance of the antenna. However, there was always a need to have small antennas.
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Therefore, many studies were undertaken to know the limits of antenna size and
to understand how the size reduction would aﬀect the radiation performance of
an antenna.
The pioneer eﬀorts on this topic can be traced in the work of Wheeler that
was carried out in 1947 [6]. He was the ﬁrst one to note that the size of antenna
imposed a fundamental limit on its bandwidth. Thus, reducing the size of antenna
resulted in a decrease in its bandwidth. Although he made rough approximations
which were true for a very small antenna, his analysis laid the foundation for other
work to follow on the same topic. Today, the limits of a small antenna are well
known. The ESA is deﬁned as an antenna, whose maximum dimension is less
than λ/2π. Another commonly used deﬁnition of ESA is :
ka < 0.5 (2.1)
where k is the wave number and a is the radius of a sphere enclosing the antenna
as shown in Fig. 2.1. The sphere enclosing the antenna is called ”Chu−Sphere”.
This term has been widely used in most of the analysis of the ESA. Another
commonly accepted deﬁnition of ESA is that the antenna satisﬁes the condition
ka < 1 [4].
The main performance measures of an ESA are its size, Q-factor (or band-
width), gain and eﬃciency. Since the size of an antenna limits its bandwidth,
most of the theoretical work was focused on ﬁnding the theoretical lower limit of
ESA’s Q that it could achieve. The bandwidth of antenna is inversely related to
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Figure 2.1: A ESA enclosed in a Chu-Sphere.
its Q-factor. Another important parameter of small antenna is its radiation eﬃ-
ciency. As the size of the antenna decreases, its radiation resistance also decreases
and loss resistance starts to dominates. This results in decrease in the radiation
eﬃciency of ESA. These losses are mainly due to frequency-dependent conduction
and dielectric losses in the antenna. In some recent work [7], it is shown that
by careful design of ESA, a high eﬃciency is possible at the loss of directivity
of antenna. However, as shown in the subsequent section of this chapter while
reviewing the miniaturized MPA designs, it is found that most of the practical
ESA designs reported in literature had low radiation eﬃciency. Gain is another
parameter of interest in ESA. Since the size of antenna hits on its eﬃciency or/and
directivity, the gain of ESA is always low. Some of the work has, therefore, tried
to ﬁnd the theoretical limit of maximum gain to Q ratio that an ESA can achieve.
In his initial work, Wheeler used a lumped circuit element representation of ESA.
He introduced a term radiationpowerfactor (RPF) and analyzed the ESA for
RPF. The RPF was inverse of the Q. Since, all of the later work derived the Q for
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ESA, the results of Wheeler’s work were also translated into Q. Thus according to
Wheeler’s work, the theoretical minimum Q that an ESA could achieve was given
by;
Qmin =
1
(ka)3
(2.2)
His work also showed an important point that the antennas which best utilized
the volume of sphere enclosing them had the minimum possible Q.
Many other works used diﬀerent approaches to ﬁnd ESA’s Q and reached
almost to the same answers as that derived by Wheeler. All these theoretical
work gave a good insight into the analysis of ESA and also hinted that in order to
design the best possible ESA, the design must use the maximum volume of Chu
sphere. The design of small antennas therefore is a an art of compromise between
size, bandwidth and gain.
2.2 Microstrip Patch Antenna
MPAs are fabricated by placing a conductor on a substrate backed by a ground
plane. While they can be designed in various shapes, circular and rectangular
patches (see Fig. 2.2 & Fig. 2.3) are the ones that are widely used, since their
design procedure is simple and well developed [8]. MPAs have several advantages;
(i) they have been extensively studied and their theory is well understood, making
them easy to design; (ii) their planar geometry makes them easy to fabricate and
integrate with other electronic devices; (iii) they can be fabricated on a variety
of cheap available substrates, making them a cost-eﬀective choice for many ap-
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Figure 2.2: A microstrip line feed excited rectangular patch antenna, (a) Top
view, (b) Side view.
plications; and (iv) they are rugged and low proﬁle,which make them ideal for
use in a number of practical applications such as in GPS receivers, Tablets, Per-
sonal digital assistants (PDAs), and so on. In addition to circular and rectangular
shapes, MPAs with other geometries also exist, for instance triangular and annular
ring-slot shapes [8].
MPAs are typically analyzed by using the cavity model [9]. An MPA can be
considered as a cavity ﬁlled with a dielectric with non-PEC side walls. Thus the
radiation from this cavity takes place due to leakage from these side walls. To ﬁnd
the radiation characteristics and resonant frequency of the MPA, the ﬁelds inside
the cavity are solved ﬁrst. The top and bottom parts of the cavity are considered
as perfect electric conductors (PECs) while the sides are assumed to be perfect
magnetic conductors (PMCs). The ﬁeld distribution inside the cavity is found
by applying appropriate boundary conditions on the cavity walls. The solution
is then used to ﬁnd the resonant frequency of the patch for diﬀerent modes, as
well to determine as the radiating ﬁelds. The input impedance and the quality
factor (Q) of the antenna are also obtained from the same model. The resonant
frequency of a rectangular MPA is a function of the material properties of the
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substrate, its thickness and the dimensions of the patch. The resonant frequency
(fr), obtained from the cavity model, is given by [10]:
(fr)mnp =
1
2π
√
μ
√(mπ
h
)2
+
(nπ
L
)2
+
(pπ
W
)2
(2.3)
where h is the height of the substrate, L is the length of the patch, W is the width
of the patch, μ is the permeability of the substrate and  is the permittivity of
the substrate. The integers m, n, and p correspond to the modes of operation.
In a standard MPA, h << L and h << W. If the condition h < W < L is met,
the lowest resonance corresponding to the dominant mode occurs when m, n and
p are 0, 1 and 0, respectively. The resonant frequency of the dominant mode is
given by:
(fr)010 =
1
2L
√
μ
(2.4)
Apart from the rectangular MPA, the theory of circular MPAs (see Fig. 2.3)
is also well developed and it is also widely used [10]. The circular MPA can also
be analyzed by using the cavity model [9]. In this case, the cavity is circular with
its top and bottom surfaces are assumed to be PEC discs while the boundary
around the circular periphery of the cavity is assumed to be PMC. By solving for
ﬁeld distribution in the cavity, various parameters of the antenna are found. The
resonant frequency of the dominant mode of a circular patch of radius d is given
by:
fr =
1.842× c
2πd
√
r
(2.5)
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Figure 2.3: A circular patch antenna with solid probe feed, (a) Top view, (b) Side
view.
where c is the speed of light and r is the permittivity of the patch substrate.
Transmission line theory is also used to model the MPA. It oﬀers a simpler
model and provides more intuitive understanding. However, it yields less accurate
results as compared to those derived from the cavity model. In this model, a rect-
angular MPA is represented by two radiating slots separated by a low impedance
transmission line of length L [10]. By ﬁnding the equivalent admittance of each
slot, diﬀerent antenna parameters including the resonant frequency and resonant
input resistance is calculated.
Full-wave models are also used to determine the design parameters and the per-
formance characteristics of the MPA. These models often use computer-intensive
numerical techniques such as the Finite-Diﬀerence Time-Domain (FDTD), the
Finite Element Method (FEM), or the Method of Moments (MoM), to solve for
the ﬁelds in complex geometries; however, they provide little physical insight.
Nonetheless, with the availability of commercial full-wave solvers such as HFSS,
FEKO, WiPL-D, IEEA, etc., and powerful computing platforms on which to run
these solvers, full-wave methods are now almost exclusively used to design the
MPAs.
17
An MPA can be excited in several diﬀerent ways. Most common methods
include the coaxial-line feed excitation and the microstrip transmission-line feed
[10]. In the transmission-line feed method, a conducting strip is attached to the
the edge of the patch. This is a simple way to excite the MPA and antenna-feed
system can be easily fabricated. Fig. 2.2 shows a rectangular MPA excited by
a microstrip line feed. In the coaxial-line feed method, a coaxial cable whose
inner conductor is connected to the patch while the outer conductor is attached
to the ground plane is used. It provides a simple way to match the antenna input
impedance and it is also easy to fabricate. Fig. 2.3 shows a circular MPA excited
by a coaxial-line feed method.
Although both of these methods are easy to implement, their use limits the
operating bandwidth of the MPA. There are alternate approaches for feeding the
MPAs, such as using the proximity-coupled and aperture-coupled feeding meth-
ods. However, they lead to complex designs and are used very rarely, although
they can provide wider operating bandwidths.
MPAs suﬀer from the problem of high Q; and, hence their bandwidth is limited.
Several techniques for enhancing the bandwidth of MPAs do exist and they can be
found in [5] and [9]. As mentioned earlier, desirable attributes such as ease of its
integration with other components, good radiation characteristics and low cost,
make the MPA one of the foremost choices in thousands of practical applications.
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2.3 MPA Miniaturization Techniques
In principle, there are two ways to minimize the MPA. The ﬁrst method is to
change the material properties of the MPA substrate such that the eﬀective wave-
length in the substrate region is decreased. The second method is to change the
geometry of the antenna in such a way so as to increase the electrical size (current
path). Various methods for MPA miniaturization have been reported in the liter-
ature that are based on these two major techniques. They are grouped into ﬁve
categories in this work and are described in detail in the following sub-sections.
2.3.1 Material Loading
The simplest way to decrease the size of an MPA is to use a substrate with a high
permittivity (r). The length and width of the patch are inversely proportional
to the square root of (r). However, such a miniaturization method results in
an increased level of surface wave excitation within the substrate and results in
lower bandwidth as well as decrease in radiation eﬃciency. The truncation of the
ground plane not only results in poor polarization purity but also changes the
radiation characteristics of the MPA.
Various studies have investigated diﬀerent materials as well as conﬁgurations
to eﬀectively use the above approach to miniaturize an MPA. In [11], MPAs with
relatively thick substrates (0.02λo to 0.03λo) and with relative permittivities of
10 and 13 were analyzed experimentally. The input impedances and radiation
characteristics of these antennas were found to be diﬀerent from those of a con-
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Figure 2.4: An MPA with dielectric bars underneath the patch [12].
ventional patch. The input impedances were less than the one predicted by the
theoretical models for MPAs with thin substrates. A four-element array was fab-
ricated by using this thick substrate in which distortion of the radiation pattern
was observed in the E-plane.
While designing a miniaturized MPA for Korean Cellular band, the authors
of [12] employed a partially ﬁlled high-permittivity substrate. They used a low
permittivity substrate and placed rectangular-shaped dielectric bars of high per-
mittivity underneath the radiating edges of the patch, as shown in Fig. 2.4. This
resulted in a 50% decrease in the antenna size while it achieved a fractional band-
width of 10% and a gain of 6 dB.
Many groups have investigated the use of ceramic substrates for MPA minia-
turization. In [13], several MPA designs were investigated by using various types
of ceramic substrates. A square MPA was fabricated on a low temperature co-
ﬁred ceramic (LTCC) substrate of r = 100. A reduction of the area of the patch
by a factor of 8 was achieved as compared to that of a conventional patch printed
on the FR4 substrate. However, the substrate was chosen to be relatively thick
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(0.031λo) to mitigate the problem of low bandwidth. The antenna had a frac-
tional bandwidth of 7.2% and a gain of 2.8 dBi at 1.88 GHz. Another MPA was
fabricated by using textured ceramic substrate, which a mixture of LTCC and
Stycast, and which resulted in an eﬀective permittivity of 23.5. The MPA printed
on this substrate was 2.5 times smaller than the conventional MPA fabricated on
an FR4 substrate. The measured gain of the antenna was 3 dBi and it had a
fractional bandwidth of 9.1% centered around 1.7 GHz. The bandwidth of the
MPA was also found to improve, albeit at the expense of its gain, by using a
bow-tie shape. Thus, through various design choices, signiﬁcant miniaturization
was achieved using ceramic substrates while maintaining good antenna gain as
well as bandwidth.
In [14], MPAs on diﬀerent ceramic substrates were investigated experimentally.
The substrates used were barium-titanate with r = 37 and neodymium-titanate
with r = 85. The truncation of the ground plane was also analyzed. The MPAs
designed on these ceramic substrates were found to have very limited bandwidths.
For a resonant frequency of around 1.5 GHz, the antenna was found to have a
bandwidth of only 2.4 MHz. Also, the ground plane reduction resulted in nearly
omni-directional radiation patterns.
MPA miniaturization using magnetodielectric substrate has been analyzed in
detail in [15]. A magnetodielectic substrate design was presented in [16]. The
MPA fabricated on the proposed substrate was found to be 65% smaller, as com-
pared to a conventional patch resonating at 2.45 GHz. The MPA had a fractional
21
bandwidth of 0.5% and radiation eﬃciency was 45%.
Many other works have also appeared in literature which followed approaches
that are similar to the ones mentioned previously. A modiﬁed ceramic substrates
was used in [17] while [18] used a perforated substrate to miniaturize an MPA. In
summary, ceramics substrates and modiﬁed substrates can provide a signiﬁcant
reduction in the patch size. However, the major disadvantages of this method
of size reduction are the cost of such substrates as well as reduction of their
bandwidth.
2.3.2 Shorting and Folding
Folding an MPA and the use of shorting posts has been used to reduce the size of
MPAs, and to render it electrically small [8]. For a half-wavelength rectangular
MPA, the E-ﬁeld distribution under the patch has a sinusoidal pattern with a
maximum E-ﬁeld at the radiating edges and zero in the middle. If an electric wall
is placed at the middle of the patch, and the other half is removed, it would still
resonate at the same frequency. Such a patch is called a quarter-wavelength MPA.
The theoretical analysis shows that a quarter-wavelength patch has the same Q
as that of its half-wavelength counterpart [8]. However, because the quarter-
wavelength patch only has a single radiating edge of quarter wavelength patch,
its radiation eﬃciency is lower than that of a half wavelength MPA.
In the practical implementation of a quarter-wavelength MPA, placing a con-
tinuous conducting sheet at the edge between the patch and the ground plane is
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Figure 2.5: A quarter-wavelength MPA fabricated by using shorting posts [8].
diﬃcult. An easier approach to fabricating a quarter-wavelength MPA is to add
an array of shorting pins near the edge of the patch, as shown in Fig. 2.5.
A number of reports have appeared in literature that present the design or
analysis of miniaturized MPAs using the shorting or folding techniques [19–27]
In [19], a shorted patch was folded to make it a λ/8 MPA. The radiation eﬃciency
of the antenna was found to be 90% while it had a bandwidth of 4%. The schematic
diagram of the shorted-folded patch is shown in Fig. 2.6. In [27], the results of
a parametric study of using a single, double or multiple shorting posts with a
circular MPA have been presented. Various parameters were analyzed. It was
found that the MPA size could be reduced by more than a factor of 3, as compared
to a standard patch via the use of optimal placement of the shorting posts. A
theoretical analysis of an MPA with a shorting post has been provided in [24].
MPA can therefore be miniaturized by using folding and shorting. However,
this method complicates the geometry of the MPA at times and also makes it
non-planar, which adds to the complexity of the structure and its conformity.
However, when properly applied, this method has little eﬀect on the eﬃciency of
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Figure 2.6: A λ/8 shorted/folded MPA [19].
the antenna.
2.3.3 Reshaping or Introducing Slots
An MPA can also be miniaturized by making changes in the shape of the patch or
by adding slots in the MPA. Miniaturized patches can be shaped and optimized
to obtain a large electrical length in limited space by using the Genetic Algorithm
(GA) [28], running on high performance computing platforms. Fractal geometries
are also used to obtain miniaturized MPAs with good eﬃciency [29], [30]. Fractals
are space ﬁlling contours in which electrically large features can be eﬀectively
packed in a relatively small space, with a reduction in bandwidth, however.
A miniaturized MPA suﬀers from higher ohmic losses, which lead to a lower
radiation eﬃciency. To mitigate this problem, an engineered conductor has been
presented in [31], which consists of layers of conductors separated by laminations.
The total thickness of the conductor was equal to that of the conductor in a con-
ventional MPA. The engineered conductor, separated by laminations, is shown
in Fig. 2.7. It helps to increase the gain and eﬃciency of the small antenna.
Such a conductor has also been used with diﬀerent miniaturized MPAs. It has
been shown that the gain and eﬃciency of antenna improves as the number of
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Figure 2.7: Multi-layer engineered conductor for use with miniaturized MPA com-
pared to a conventional conductor used in a MPA [31].
conducting layers is increased. The use of a 5-layer conductor improves the ef-
ﬁciency of a miniaturized antenna by 30% as compared to a conventional single
layer conductor.
Several reports [32–41] have appeared in the literature in which the size of
the MPA has been reduced by introducing various types of slots in the MPA.
A miniaturization of 40% to 75% has been achieved by inserting diﬀerent types
of slots in the MPA. Although this method is widely used in diﬀerent designs
and provide several degrees of miniaturization, this method lacks a general de-
sign methodology. Most of the presented designs based on this method had low
radiation eﬃciency and provided wider operating bandwidths when using slots.
2.3.4 Modiﬁcations of the Ground Plane
MPAs can also be miniaturized by modifying their ground planes. In the general
models for MPAs, an inﬁnite ground plane is assumed. However, in any practical
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MPA design, the ground plane is ﬁnite. For greater miniaturization, the size of
the ground plane is further reduced such that at times it is only slightly larger
than the patch dimensions. The MPAs with truncated ground planes have been
analyzed analytically in various reports [42–44]. It was found that such antennas
had poor polarization purity and reducing ground plane size also aﬀected the
input impedance. Also, due to edge diﬀraction, there was signiﬁcant back lobe
radiation which decreases the front-to-back ratio.
Along with reducing the ground plane, many other modiﬁcations in the ground
plane are possible to miniaturize an MPA. These modiﬁcation include the insertion
of various types of slots in the ground plane. These slots, when properly designed,
help to increase the current path within the patch area. This helps to lower the
resonant frequency of the MPA and, therefore, leads to size reduction. Many
designs have appeared in the literature which use slots in the ground plane to
miniaturize the MPA [45–49].
In [45], a single slot of 1 mm width was etched out underneath an MPA
to reduce its size. A parametric study was carried out by changing the length
and position of the slot underneath the patch. The MPA initially resonated at
2.87 GHz without the slot. Using the optimal placement and length of the slot, the
resonant frequency was decreased to 1.38 GHz, which represents a 52% decrease.
The size reduction in terms of area of the MPA was 90%. In [46], three slots
were etched underneath the patch and its shape was modiﬁed which resulted
in 50% decrease in terms of the size of the MPA. Similar use of slots in [47],
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[48] and [49] resulted in 56% to 83% miniaturization in the size of patch. It is
important to note that while all of these reports focused on the miniaturization
of MPA, they did not clearly analyze other parameters that are aﬀected by such
miniaturization. Therefore, in most of these reports, the eﬀect of miniaturization
on antenna eﬃciency, bandwidth, radiation properties, or cross-polarization levels
was not clearly mentioned. Furthermore, at times this information was missing
altogether. Also, these reports provided little physical insight into the underlying
principles of the miniaturization method. They also did not elaborate on the
generic application of the provided method. Speciﬁcally, they did not mention any
design guidelines based on the slot in ground plane method for various frequency
bands.
Another method which made use of an irregular ground structure was pre-
sented in [50] for antenna miniaturization. A two-layer substrate was used to
fabricate the MPA. The lower substrate had an array of vertically placed small
metallic cylinders, and their lower end was touching the ground plane. An array
of these metallic structures was placed underneath the four diagonal corners of
the patch, which was separated from these metallic structures by using another
substrate, as shown in Fig. 2.8. The proposed structure introduced capacitive
as well as inductive loadings, and this, in turn, resulted in miniaturization of
the antenna. Using this arrangement, a 75.6% reduction in the size of MPA was
achieved. The size reduction was accompanied by a bandwidth reduction of the
MPA. The antenna resonated at 5.32 GHz in the absence of the irregular ground
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structure with a bandwidth of 8.3%. The resonant frequency of the antenna was
decreased to 2.635 GHz by using the proposed scheme; however, the bandwidth
was reduced to 1.9%. The same technique for size reduction was also successfully
demonstrated for a circularly polarized MPA.
Many miniaturized MPA designs utilize defected ground structures (DGS).
DGSs have a variety of shapes, including simple ones such as spiral, V-shape,
U-shape and H-shape, as well as complex ones such as dumbell-shaped and split-
ring resonators (SRR). DGSs have been used with printed antennas for improving
their radiation characteristics, as well as for improving the isolation between an-
tenna elements in MIMO/array antenna designs, and for impedance matching of
microstrip feed designs [51].
In [52], a DGS of certain shape was proposed for miniaturizing an MPA. The
DGS consisted of four connected E-shape slots that were etched out from un-
derneath the MPA. This resulted in a 68% antenna miniaturization in terms of
the size of the MPA. The proposed DGS was analyzed and compared with other
cross-shaped and dumbell-shaped DGS-based miniaturized patch antennas. It
was shown that the proposed DGS provided greater miniaturization than did the
other two DGS-based designs. The use of DGS structures usually provides lower
eﬃciency and yields narrower operating bandwidths. In addition, re-tuning of the
antenna is usually needed to compensate for the shift in the resonant frequency
due to the alterations of the ground currents especially if the DGS is close to
resonant structures.
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Figure 2.8: A miniaturized MPA on an irregular ground structure [50].
2.3.5 Use of Metamaterials
Metamaterials (MTM) are artiﬁcially engineered materials designed to provide
material properties not readily available commercially. MTMs can be designed to
realize materials with near zero values of permittivity; negative permittivity or
permeability; or simultaneous negative permittivity and permeability. A material
with only negative permittivity is called epsilon negative (ENG) while one with
only negative permeability is referred to as a μ-negative (MNG) material. A ma-
terial with both negative permittivity and permeability is called double-negative
(DNG). During the past decade, a number of structures have been realized which
when arranged periodically, exhibited MTM properties over a certain frequency
range. These structures have been of interest to many areas of research and have
been widely studied and improved. They have also been used in many RF, mi-
crowave and photonics devices to achieve interesting properties.
The concept of MTM as well as MTM structures have also been used to design
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various types of antennas with enhanced performance, such as high gain as well
as improved eﬃciency. Additionally, they have been used for the miniaturization
of antennas. Two terms are used in literature for antennas utilizing MTM. Ones
that make use of ENG, MNG or DNG substrate are called MTM-based antennas.
Others, that only utilize the MTM unit cell such as the split-ring resonator (SRR),
complementary split-ring resonator (CSRR), omega structures, etc., are referred
to as MTM-inspired antennas. The former exist mostly as hypothetical antennas
which are studied theoretically using the ENG, MNG or DNG media. A true
realization of MTM-based antenna is not possible. The latter are not truly MTM
antennas since they do not make use of ENG, MNG or DNG properties of a MTM.
However, since they make use of MTM unit cells, and since they are analyzed using
the theories of MTM unit cells, they are referred to as MTM-inspired antennas.
The eﬀect of an MTM substrate on the size of the MPA can be analyzed
from the expression of its resonant frequency which can be derived by using the
cavity model. From Eq. (2.3) , it can be seen that there is an inverse square root
relationship between the resonant frequency of the MPA and the permittivity and
permeability of its substrate. Consequently, an MPA placed on a homogeneous
ENG or MNG substrate will not resonate. Furthermore, no special feature can be
realized by using a homogeneous DNG substrate.
In [53] and [54], MPAs on MTM substrates have been theoretically investi-
gated. The equation for the resonant frequency for an annular ring patch on an
MTM substrate has been derived in [53]. The geometry of the antenna is shown
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in Fig. 2.9. The substrate of the patch was a combination of DNG medium (called
the backward wave (BW) medium in [53]), and the normal medium with  and
μ values that are both positive (also called double positive medium (DPS) in the
literature). The DNG formed the inner circle, which was surrounded by the DPS
medium. From the derived expression of the dominant resonant mode, it was
found that patch miniaturization was possible by carefully selecting the ratios of
area ﬁlled by the DNG and DPS media and their properties.
In [54], the MPA on MTM substrate have been further analyzed analytically,
and numerical results have been presented to validate the analytical ones. A
rectangular patch on an inhomogeneous substrate have been analyzed by using the
cavity model. The patch was transversally loaded with inhomogeneous substrate
as shown in Fig. 2.10. The substrate was composed of two homogeneous substrates
of permittivities 1 and 2, and permeabilities μ1 and μ2, respectively. The ratio
of the volumes of the two material media underneath the patch was deﬁned by a
term η called the ﬁlling ratio.
The antenna is analyzed by using the cavity model. By applying the boundary
conditions and solving for the resonant frequency, the solution for the dominant
mode is derived from the solution of the following transcendental equation [54]:
k1
ωμ1
tan[k1ηW ] = −ωμ2
k2
tan[k2(1− η)W ] (2.6)
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Figure 2.9: Geometry of the annular ring patch on an MTM substrate [53].
Assuming that the patch is small, a solution to Eq. (2.6) is given by:
η
1− η = −
2
1
(2.7)
The above equation has been analyzed under the assumption that the materials
are non-dispersive. It has been shown that by changing the ﬁlling ratio and
appropriately setting the values of the permittivities of substrates, a size-reduction
is possible. Using the above solution, a MPA of W = 50 mm has been analyzed
in which the ﬁlling ratio was η = 50%. It has been found that an arbitrarily low
resonant frequency when 1 was chosen to be 2o and 2 was chosen to be -20.
It was thus demonstrated in [54] that antenna miniaturization was possible by
using the combination of DPS and ENG medium. However, further analysis of
the antenna by using far ﬁeld patterns showed that the antenna eﬃciency was
relatively low.
A similar procedure has been followed to determine the resonant frequency of
a circular patch [53]. A circular patch of radius a was analyzed on a substrate
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comprising of two diﬀerent homogeneous media. The core substrate had a per-
mittivity and permeability of 1 and μ1, respectively, and had a radius of ηa. The
outer substrate covered the core substrate and extended up to the edges of the
patch. It had a permittivity and permeability of 2 and μ2, respectively. The
cavity model was used to solve for the resonant frequency of the dominant mode,
and a transcendental equation was derived in terms of Bessel functions. Under
small antenna assumptions, the solution to the equation was:
1− η2
1 + η2
= −μ2
μ1
(2.8)
From the analysis of the above equation, it was found that it was possible to
design a small antenna by choosing the core as an MNG medium and using DPS
for the outer medium. The computed far ﬁeld radiation patterns showed that
such an antenna had better radiation characteristics than a rectangular patch on
an ENG / DPS medium.
There are no naturally occurring homogenous ENG or MNG media, and realiz-
ing a practical miniaturized MPA based on the above design is not possible unless
the above mentioned media are synthesized artiﬁcially. Artiﬁcially created MNG
or ENG structures are frequency dependent and highly dispersive. Furthermore,
the size of the unit cells making the MNG or ENG medium sometimes makes
it impossible to realize a practical antenna. Nevertheless, many MTM-inspired
MPA designs have been presented in the literature among which, many are for
MPA miniaturization.
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Figure 2.10: Geometry of the rectangular patch on a MTM substrate [54].
A magnetic-permeability-enhanced MTM substrate for MPA miniaturization
has been presented in [55]. The substrate consisted of periodically arranged SRRs
placed vertically between the patch and the ground plane. This resulted in sig-
niﬁcant miniaturization of the patch antenna. The area of the MPA was reduced
by a factor of 10 as compared to a conventional MPA printed on an FR4 sub-
strate. However, since the design called for a vertical arrangement of the SRRs,
the substrate was much thicker than the normal substrate.
In [56], an MTM-inspired technique was used for MPA miniaturization. A
CSRR was inserted in the substrate horizontally between the circular patch and
the ground plane, which resulted in a decrease in antenna size as well as its band-
width. This decrease was 75% at 2.45 GHz, as compared to that of a conventional
MPA fabricated on an FR4 substrate. However, this was also accompanied by
a decrease in the bandwidth and the radiation eﬃciency of the antenna. The
antenna had a fractional bandwidth of only 0.4% and an eﬃciency of 28.1%.
An MNG medium created by three helices was placed between a circular patch
and the ground plane to reduce the size of the patch [57]. This resulted in 60%
miniaturization in the patch area. The antenna resonated at 735 MHz with a
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Table 2.1: Literature on MPA Miniaturization Grouped According to the Tech-
nique Used
Tech. Material
Loading
Folding
& Short-
ing
Reshaping
or Intro-
ducing
Slots
Modiﬁcation
of the
Ground
Plane
Use of
MTM
Ref. [12]–[18]. [19]–[27]. [28]–[41]. [42]–[50],
[52].
[53]–[58].
fractional bandwidth of 0.5% and a maximum gain of -7.9 dBi. In [58], an 80%
reduction in the size of patch was achieved by loading it with MTM transmission-
line.
In summary, various MTM-inspired techniques have been implemented for
MPA miniaturization. While they have been successful in reducing the size, this
has been at a substantial cost in terms of complex material use, very narrow
operating bandwidths and low radiation eﬃciency. In addition, in MTM minia-
turization methods, care should be taken with the models used to analyze such
structures as such models usually ignore the polarization of the ﬁeld that might
cause diﬀerent behavior as compared to the normal incidence/non-polarized mod-
els used in most analysis to derive the aﬀective medium properties. Thus caution
has to be taken and full understanding of the physics is required of the MTMs.
35
2.4 Summary and Features of Miniaturization
Methods
Table 2.1 groups together various references that have appeared in literature ac-
cording to the miniaturization techniques used. As seen from the table, it is evi-
dent that almost all techniques have received almost the same amount of attention
in the literature. The slightly less references for the MTM-inspired techniques is
mainly due to relatively new use of this technique. Table 2.2 summarizes these
techniques according to their features, and lists their major advantages and dis-
advantages. As seen in this table, almost all the mentioned techniques lead to
signiﬁcant miniaturization. However, some techniques such as folding or MTM-
inspired can make the antenna structure more complex and non-planar. Also,
most techniques reported so far provide little insight into a general design pro-
cedure, and they do not mention how the technique can be applied to design
antennas in other bands. Hence, more attention is required in this direction. It
is also important to mention that many of the patch miniaturization ﬁgures re-
ported in literature only mention the decrease in patch size (or radiating structure
size) and do not take into account the size of the ground plane. Since the size
of the ground plane greatly aﬀects the performance of an MPA, it cannot be ne-
glected when deﬁning the size of the antenna which has been miniaturized. In
addition, none of the designs reported in literature breach the fundamental limits
of ESA, and thus the tradeoﬀ between size, eﬃciency and the bandwidth needs
to be carefully managed based on the application at hand.
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CHAPTER 3
PROPSED METHOD FOR THE
MINIATURIZATION OF MPA
In this chapter, a MTM-inspired miniaturization technique is proposed for MPA
miniaturization. The technique is based on the use of the complementary split-
ring resonator (CSRR) structure with a patch antenna. This technique provides
signiﬁcant degree of miniaturization. The technique is analyzed through para-
metric studies and a design methodology is developed to make miniaturized MPA
using the technique. Diﬀerent characteristics of the proposed MPA are evaluated.
Several miniaturized MPAs are designed in diﬀerent bands using the proposed
technique in order to verify its utility. To get a better insight into the operation
of the antenna, an equivalent circuit model is developed. The antenna is further
analyzed using the theory of characteristic modes.
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3.1 CSRR Loaded MPA
3.1.1 Complementary Split-Ring Resonator (CSRR)
A CSRR is a negative image of the SRR. It is made by removing the conductor
in the shape of an SRR from a conducting sheet, which is usually a ground plane.
The CSRR is a resonant structure. It has been used widely in the study of
metamaterials and by periodic arrangement of the CSRR, eﬀective negative  can
be obtained around its resonant frequency. The resonant frequency of a CSRR is
the same as that of an SRR of the same dimension, and it is modeled as an LC
circuit. The lumped element model for an SRR and a CSRR was derived in [59],
which also gave the quasi-analytical equations for ﬁnding the resonant frequency
of the SRR and the CSRR. In [60], an empirical model for the resonant frequency
of the SRR was given, which was easy to implement. Fig. 3.1 shows double ring
rectangular and circular SRRs. Diﬀerent shapes of SRR exist in literature but
the double slit circular and rectangular SRR are the most studied and commonly
used SRRs. They are made up of two concentric loops with a slit in each loop.
The width of each loop (w), the spacing between the loops (s) and the size of the
loop (L) govern the resonance properties of the SRR or the CSRR. Other common
types of the CSRR include the single-ring CSRR, double-slit CSRR, and the spiral
resonator.
In [59], the dispersion diagram of the double-ring CSRR was computed for
its array etched out on a ground plane of a microstrip transmission-line. The
dielectric substrate was RO3010 with a height of 1.27 mm and dielectric constant
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Figure 3.1: Geometry of the split-ring resonator
of 10.2. The outer radius of the CSRR was 3 mm, while the thickness of the ring
and the spacing between the rings was 0.3 mm. For these dimensions, the CSRR
had a resonant frequency of 2.8 GHz. The dispersion diagram obtained for the
CSRR is shown in Fig. 3.2. The CSRR created a stop-band for the transmission-
line around the frequency of its resonance. This was attributed to the eﬀective
negative permittivity due to the CSRR around this frequency.
3.1.2 Antenna Design
The geometry of the proposed antenna is shown in Fig. 3.3. It was made up of
a standard rectangular patch on any standard substrate. On the bottom side, a
double-ring CSRR was etched out underneath the MPA. The arrangement resulted
in decrease in the resonant frequency (or reduction in the size of antenna) of
the MPA without adding any lumped components or disturbing the volumetric
dimensions of the MPA. In the next sections, it is shown that this decrease was
up to 85% in the area of the patch designed for the 700 MHz band and up to 65%
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Figure 3.2: Dispersion diagram of the CSRR etched on the back of a microstrip
transmission line [59].
in the area of the patch designed for 5 GHz band. The antenna was fed using a
microstrip transmission line. The feed was not exactly at the center of the patch
and therefore, the design was asymmetric. It was designed this way in order to
excite the proper modes. The feed was inset into the patch for the impedance
matching.
3.1.3 Results & Parametric Analysis
The proposed design was analyzed rigorously through parametric simulation stud-
ies and all parameters were analyzed. An initial design was made in HFSSTM .
The geometrical parameters used for the MPA in Fig. 3.3 are given in Table 3.1.
These design parameters were chosen in such a way that it was easy to fabri-
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Figure 3.3: Geometry of the proposed miniaturized MPA with CSRR loading, (a)
Top side, (b) Bottom side
Table 3.1: Design Parameters of the MPA Used in the Parametric Study
Parameter Value
Substrate Length (SubstrateL) 50 mm
Substrate Width (SubstrateL) 50 mm
Substrate Height (t) 0.8 mm
Dielectric Constant (r) 4.4
Patch Length (PatchL) 14 mm
Patch Width (PatchW ) 18 mm
Microstrip Feed Width (d) 1.52 mm
cate the antenna in the lab. The substrate chosen was FR4, which is cheap and
readily available. The thickness of the substrate was according to one of the stan-
dard available boards. The thickness of microstrip transmission-line corresponds
to 50Ω. With all these parameters, the antenna had a resonant frequency at
5.04 GHz.
A double-ring CSRR was etched out underneath the patch in a similar way
as shown in Fig. 3.3. The outer radius of the CSRR r was 6 mm, the width
of the rings w was 0.5 mm, the spacing between the two rings s was 0.5 mm.
The split in each ring was of 0.5 mm. The design was simulated and the results
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(a)                                                                         (b)
Figure 3.4: Fabricated CSRR loaded miniaturized MPA
showed that antenna had a resonance at 2.46 GHz. Thus, a 51% decrease in
the resonance frequency was achieved by the CSRR loading. A standard patch
without the CSRR loading on a similar substrate would require a patch dimensions
of 29×37 mm2. Thus, the size reduction in terms of patch size due to the CSRR
loading was 76.5%. This, however, was accompanied by a decrease in antenna
radiation eﬃciency which was 30%. With such a high level of miniaturization,
this value is expected.
The antenna was fabricated (see Fig. 3.4). The measurement results of the
antenna showed a close agreement with the simulation results. Fig. 3.5 shows the
reﬂection coeﬃcient of the measured as well as simulated results. The antenna
had an impedance bandwidth of 40 MHz. The 2D radiation gain pattern of
the antenna is shown in Fig 3.6. As evident from the ﬁgure, due to signiﬁcant
miniaturization as well as with the use the CSRR, the antenna had a signiﬁcant
back lobe. The front-to-back (F/B) lobe ratio was 2.8 dB while the maximum
gain of antenna at the operating frequency was 0.5 dBi.
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Figure 3.5: Measured and simulated reﬂection coeﬃcient of the designed MPA
Figure 3.6: The 2D gain pattern of the miniaturized MPA
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Figure 3.7: Variation of the antenna’s resonant frequency with change in the
CSRR radius
Once the miniaturization was established using the CSRR loading technique, a
parametric study was carried out to ﬁnd the eﬀect of the CSRR dimensions on the
degree of miniaturization. To start with, initially all design parameters were kept
the same while the outer radius r of the CSRR was varied from 4 mm to 6 mm in
a step of 0.5 mm. The reﬂection coeﬃcients obtained corresponding to the change
in CSRR outer radius are shown in Fig. 3.7. It was found that as the radius
of the CSRR was increased, the resonant frequency of the antenna decreased.
Thus, resonant frequency of antenna decreased from 2.87 GHz to 2.46 GHz when
the radius of the CSRR was increased from 4 mm to 6 mm. For the design under
consideration, a 0.5 mm increase in the CSRR radius resulted in 100 MHz decrease
in the resonant frequency.
The eﬀects of other parameters of the CSRR were also analyzed. It was found
that the slits in the ring had very little eﬀect on the change in resonant frequency
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Figure 3.8: Variation of the antenna’s resonant frequency with change in the
CSRR ring width
of the antenna. Therefore, it was kept at 0.5 mm. The eﬀect of the width of the
CSRR’s ring as well as the spacing between each ring was analyzed individually.
When the width w of the rings was increased while keeping other parameters
constant, it was found that the resonant frequency of the antenna also increased.
Fig. 3.8 shows the reﬂection coeﬃcient of the antenna with increase in w while
keeping r=6 mm and s=0.5 mm. The width was increased from 0.5 mm to 1.5 mm
in the steps of 0.2 mm. It was found that with a change of 1 mm, the shift in the
resonance was less than 100 MHz.
The spacing between the rings s was varied from 0.3 mm to 1.5 mm in steps of
0.2 mm. Fig. 3.9 shows the reﬂection coeﬃcient of the antenna with changing s
while keeping r=6 mm and w=0.5 mm.. As seen from the results, it was found that
increase in the spacing between the rings increased the resonant frequency of the
antenna. However, like the eﬀect of w, this change was also minor as compared to
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Figure 3.9: Variation of the antenna’s resonant frequency with change in the
spacing between CSRR rings
the eﬀect of the CSRR’s radius r on the resonant frequency of the antenna. Thus,
in order to tune the antenna to a desired resonant frequency, the main parameter
was found to be r, which could be varied to bring the resonant frequency of the
antenna near the desired value while w and s could be used for ﬁne tuning.
The sensitivity of the design parameters on the antenna’s resonant frequency
can also be deduced from this parametric study. Apart from the conventional
MPA parameters eﬀect, (e.g. increase in dielectric constant lowers the resonant
frequency) any change in the CSRR dimensions during fabrication process would
also eﬀect the results. Thus, if after fabrication, the radius of the CSRR r is less
than the one used in simulation, the resonant frequency will be higher than the
one obtained in simulations. The amount of shift depends the diﬀerence between
the values deﬁned in simulation and the one obtained after fabrication.
Apart from the conventional double-ring CSRR, the loading of a single-ring
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Figure 3.10: Eﬀect of double-ring CSRR and single-ring CSRR loading on the
resonant frequency of the MPA.
CSRR was also analyzed. It was found that the single-ring CSRR also provided
miniaturization. For the same design, when the inner ring was removed to make
it single-ring CSRR, the resonant frequency of the antenna was 2.64 GHz. It was
180 MHz higher than the one obtained by using the double-ring CSRR. Fig. 3.10
shows the reﬂection coeﬃcient of the antenna when the two diﬀerent CSRR’s were
used.
The reduction in the resonant frequency due to the CSRR loading was also
analyzed from the surface current density on the MPA. Fig. 3.11 shows the current
density on the top and bottom of the miniaturized MPA loaded with the CSRR.
Under normal conditions, the current path was along the patch length. This length
was 14 mm which corresponded to the 5 GHz frequency for the given dielectric.
With the introduction of the CSRR, it can be clearly seen from Fig. 3.11 that the
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Figure 3.11: Current density on the CSRR-loaded MPA at the operating fre-
quency, (a) Top side, (b) Bottom side
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current path has changed and it is now curved along the periphery of the CSRR.
Thus, the introduction of the CSRR increased the eﬀective current path in the
resonant structure which resulted in the decrease in the frequency. Also seen in
the Fig. 3.11, there is an increased current density on the ground plane of the
patch around the CSRR as compared to a standard MPA. This also contributed
towards radiation and that is why, the antenna had a low F/B ratio as compared
to the MPA.
3.1.4 Circuit Model
A circuit model of the proposed miniaturized MPA was derived using the
transmission-line theory [8]. For simplicity, a single-ring CSRR loaded patch an-
tenna was modeled. To start with, it is known that using transmission-line theory,
a simple patch antenna is modeled as two radiating slots which are connected in
parallel to each other through a transmission-line. At the resonant frequency, the
transmission line is of half wavelength. The circuit model of the patch is shown
in Fig 3.12.
In the circuit model, the load admittance of each slot is Ys = Gs + jBs. Gs
represents the conductance which is associated with the power radiated by the slot
while Bs is the susceptance which is associated with the reactive power stored near
the slot. The transmission line was divided into L1 and L2 where the feed point
is located at the point after length L1. The total length of the transmission line
was λ/2.
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Figure 3.12: The transmission-line model of the MPA [8].
A single-ring CSRR can be modeled with the help of Babinet’s Principle [10].
According to Baninet’s principle, the impedance Zc of a structure which is un-
known can be found with the help of another structure whose impedance Zs is
known and it is the complementary of the ﬁrst structure. The two are related to
each other by
ZcZs =
η2
4
(3.1)
where η is the intrinsic impedance of the medium containing the complementary
structure and the original structure. Using this principle, the impedance of the
single-ring CSRR can be found from its complementary shape which represents a
loop antenna. The impedance characteristics of a loop antenna are well known.
In [10], the reactance of circular loop antenna is plotted versus the circumference
of the loop antenna as shown in Fig 3.13.
In the case of the CSRR-loaded antenna, the circumference of the CSRR cor-
responding to the resonant frequency of the miniaturized MPA was in between the
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Figure 3.13: Reactance of a loop antenna [10].
half-wavelength and full wavelength. Based on the circumference times the wave
number, the reactance of the loop can be fond from the graph shown in Fig 3.13.
For such a case, it can be seen that the reactance of the equivalent loop antenna
is always capacitive. Using Eq.( 3.1), it can be found that for this case, the aﬀect
of the CSRR loading was inductive which resulted in the decrease in the MPA
resonance.
The ﬁnal equivalent circuit of the CSRR-loaded patch antenna is shown in
Fig. 3.14.
The equivalent circuit model was made in the CST microwave studio where
the inductive loading eﬀect of the CSRR was veriﬁed and a decease in the resonant
frequency of the circuit was observed as the inductance was increased.
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3.1.5 Design Procedure
Based on the parametric studies and analysis of the antenna, a design methodology
was developed to design miniaturized MPA for any frequency band using the
CSRR loading technique. The design guideline is given as follows :
1. Come up with approximate patch dimensions using the transmission-line /
Cavity model for a resonant frequency which is twice of the required resonant
frequency.
2. Model the patch antenna in a simulation software.
3. Etch out a CSRR underneath the center of the patch such that the outer
radius of the CSRR is covering the edges of the patch.
4. Run the simulation and ﬁnd the resonant frequency of the antenna.
5. If the resonant frequency is lower than the desirable frequency, tune the
antenna to the desired frequency by decrease the radius r of the CSRR or
by varying s and/or w of the CSRR.
6. While tuning the CSRR, if the resonant frequency is lost, shift the feedline
along the patch until the resonance is recovered.
7. During all this process, make sure that the main radiator remains the patch.
This can be observed from the surface current density ﬁgures.
Fig. 3.15 gives the ﬂow chart of the design process.
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Figure 3.14: The equivalent circuit model of the CSRR-loaded MPA
Figure 3.15: A ﬂow chart representation of the design methodology to make the
CSRR-loaded MPA
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3.2 Design Examples
Using the outlined design methodology developed for CSRR loaded miniaturized
MPAs, two diﬀerent miniaturized antennas were designed. The ﬁrst one was
designed to operate at 750 MHz while the second one was designed for the 5 GHz
band. The design and analysis of these antennas are given in the following sections.
3.2.1 Miniaturized MPA for the 750 MHz Band
A patch of dimensions 44×35 mm2 was modeled on a substrate of dimensions
60×60×0.8 mm3. The dielectric constant of the substrate (FR4) was 4.4. The
MPA was excited using a microstrip line whose width was 1.52 mm. This width
was chosen to keep the characteristic impedance of the transmission line as 50Ω.
The transmission line was inset into the patch in order to match the MPA with
50Ω. The MPA had a resonant frequency of 2 GHz. In order to bring the frequency
down, the proposed technique was used. A CSRR was etched out underneath the
patch in its ground plane. The parameters of the CSRR were varied till the desired
resonance was achieved.
The antenna resonated at the desired frequency when the radius of the CSRR
r was 19 mm, the width of the rings w was 1.5 mm and the spacing between the
rings was 1 mm. The geometry along with the dimensions of the antenna are
shown in Fig. 3.16. A 62.5% reduction in the resonant frequency of the antenna
was achieved while the reduction in the area of the patch was 85%.
The antenna was analyzed from the simulation results. The antenna had an
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Figure 3.16: Geometry and dimensions of MPA resonating at 750 MHz. (a) Top
side, (b) Bottom side
Table 3.2: Simulation Results for the 750 MHz Band MPA
Parameter Value
Impedance Bandwidth 15 MHz
Maximum Gain 1 dBi
Radiation Eﬃciency 28%
F/B Ratio 2.5 dB
Reduction in Frequency 62.5 %
Reduction in Patch Area 85%
impedance bandwidth of 15 MHz while its radiation eﬃciency was 28%. It had a
maximum operating gain of 3 dBi. The results obtained from the simulations are
summarized in Table 3.2.
3.2.2 Miniaturized MPA for the 5 GHz Band
A similar approach was followed to design the miniaturized MPA for 5 GHz. A
patch of size 8×11 mm2 was designed on a 50×50 mm2 FR4 substrate. The thick-
ness and dielectric constant of the substrate were 0.8 mm and 4.4, respectively.
The patch was excited with an inset feed microstrip transmission line with a char-
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Figure 3.17: Geometry and dimensions of MPA resonating at 5 GHz. (a) Top
side, (b) Bottom side
Table 3.3: Simulation Results for the 5 GHz Band MPA
Parameter Value
Impedance Bandwidth 65 MHz
Maximum Gain 0.5 dBi
Radiation Eﬃciency 30%
F/B Ratio 4.2 dB
Reduction in Frequency 20 %
Reduction in Patch Area 65%
acteristic impedance of 50Ω. The antenna had a resonant frequency of 6.52 GHz.
The CSRR was etched out and design steps were followed to tune the antenna
at 5 GHz. The antenna was tuned to the desired frequency when r was 2.5 mm,
w was 0.25 mm and s was 0.5 mm. The geometry of the antenna is shown in
Fig. 3.17
The antenna parameters were evaluated from the simulations. The antenna
had a radiation eﬃciency of 30% and a maximum operating gain of 0.5 dBi. The
impedance bandwidth of the antenna was more than 60 MHz. Various parameters
of the antenna that were evaluated are summarized in Table 3.3.
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3.3 Design Analysis using the Characteristic
Mode Theory
To get a better insight of the proposed design, and to analyze the current modes of
the geometry and its radiation characteristics, the theory of characteristic modes
was used. The theory is a powerful tool which has very recently been applied
to the design and analysis of antennas [61]. In this section, an overview of the
theory is presented followed by the analysis of the proposed design based on the
same theory. The analysis is performed using the characteristic mode feature of
the FEKOTM simulation software.
3.3.1 Overview of Theory
In the past, complex antenna structures were diﬃcult to analyze since the only
known techniques to ﬁnd their radiation characteristics were analytical. To an-
alyze a structure, it was simpliﬁed and several assumptions were made to solve
it. In doing so, maximum eﬀort was placed in ﬁnding a computationally simple
solution. These methods provided good insight into the operating principle of an
antenna but they were limited to very basic and simple designs. With time, several
numerical techniques were used for the analysis of the antenna with complex ge-
ometries. These techniques included the MoM, FDTD method, FEM etc. To get
a correct solution of the problem using the numerical techniques, a large number
of computations were required. In the recent years, with the ever increasing com-
putational power of digital machines, numerical techniques have been exclusively
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used for the design of complex antenna structures using well developed softwares.
These softwares provide a high degree of accuracy. While they give very detailed
description of various antenna parameters and its behavior, they seldom provide
a meaningful insight into the physics of it.
To address this issue, the theory of characteristic modes was used recently
for analyzing radiating structure [61]. Although, the theory was formulated sev-
eral decades ago [62–64], its use remained dormant mainly due to lack of high
performance machines at that time.
This technique is based on the MoM. In this technique, the generalized
impedance matrix of the structure is computed in the same way as solved in
the MoM. However, it does not calculate the total current on the radiating body
by a known excitation which is the procedure in MoM based solvers. Rather, it
formulates an eigenvalue equation from the generalized impedance matrix whose
solution provides the various modes of currents which are supported by the ra-
diating body. In this way, this technique do not require any known excitation
and it is valid for any conducting body. These modal currents are used to ﬁnd
the radiation patterns corresponding to each mode. This helps in the systematic
design of the antenna to get the required radiation characteristics by later exciting
the correct mode.
The formulation of the theory of characteristic modes start with the calculation
of generalized impedance matrix. Consider a conducting body S in an impressed
ﬁeld Ei procured by some external source. The tangential component of the ﬁled
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will induce a surface current J on the surface of the conducting body. The relation
between Ei and J can be written using a linear operator L and it is given by [63],
L(J)− Ei = 0 (3.2)
Using the MoM, the surface current J can be expanded as a sum of basis
functions given by
J =
∑
n
αnJn (3.3)
where Jn are the basis function. Substituting Eq.(3.3) in Eq.(3.2), we get
∑
n
αnL(Jn) = E
i (3.4)
Now, a set of testing function Wn is deﬁned and by taking the inner product
of Eq.(3.4) with Wn to get
∑
n
αn〈L(Jn),Wm〉 = 〈Wm, Ei〉 (3.5)
Eq.(3.5) in matrix form can be written as
[Zmn][In] = [Vm] (3.6)
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where
[In] =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
α1
α2
...
...
αn
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.7)
,
[Vm] =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
〈W1, Ei〉
〈W2, Ei〉
...
...
〈Wm, Ei〉
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.8)
and
[Zmn] =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
〈W1, L(J1)〉 〈W1, L(J2)〉 ... ... 〈W1, L(Jn)〉
〈W2, L(J1)〉 〈W2, L(J2) ... ... 〈W2, L(Jn)〉
... ... ... ... ...
... ... ... ... ...
〈Wm, L(J1)〉 〈Wm, L(J2) ... ... 〈Wm, L(Jn)〉
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3.9)
The matrix [Zmn] is called the generalized impedance matrix, [In] is called
the generalized currents and [Vm] is called the generalized voltages. In a general
antenna problem, the known excitation deﬁnes the generalized voltage matrix
while the generalized impedance matrix is computed from the structure of the
antenna and the solution frequency. Knowing these, the generalized currents are
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computed which are then substituted in Eq.(3.3) to ﬁnd the total current on the
antenna’s surface. The far-ﬁeld radiation patterns, and input impedance are then
calculated using the known surface current.
The characteristic mode theory make use of the fact that conducting body is
characterized by the generalized impedance matrix. Even, in the absence of any
excitation, the current modes Jn that can be supported by a conducting body can
be computed by using this matrix. The impedance matrix is symmetric [63], thus
its can be written as sum of real and imaginary parts given by
[R] =
1
2
[Z + Z∗] (3.10)
[X] =
1
2j
[Z − Z∗] (3.11)
In such case, Z = R+ jX where R and X are both real and symmetric. With
the basis function Jn, the matrix makes an eigenvalue equation given by
[X][Jn] = λn[R][Jn] (3.12)
Using the Galerkin’s method, the testing function Wn will be equal to the
basis function Jn. For such condition, the entries of the Z matrix depends on the
number of segments into which the conducting body S is divided. It is given by
[Zij] = jω
∫∫
s
(Ji.Aj + σiφj) dS (3.13)
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where Ai is the vector potential due to the surface current Jiand φj is the scalar
potential due to charge σj. They are given as
A = μ
∫∫
s
J
e−jkR
4πR
dS (3.14)
,
φ =
1

∫∫
s
σ
e−jkR
4πR
dS (3.15)
and
σ = − 1
jω
∫∫
s
∇.J (3.16)
The matrix is calculated for a particular frequency. After ﬁnding the matrix,
the eigenvalue equation is solved to ﬁnd the λn which are also called the ”eigenval-
ues” and corresponding eigenfunctions Jn which are also called the ”characteristic
current”. These λn and the corresponding Jn are important as they give a lot of
information about the radiating structure. The value of λn tells whether the par-
ticular mode will resonate at that frequency or not. If its value is close to zero, the
particular mode will radiate well when excited. However, as its value gets away
from zero in either positive or negative directions, the mode does not radiate at
that frequency. Additionally, the sign of λn determines whether the mode con-
tributes to the stored electric or magnetic energy. If it is positive, it contributes
to the stored magnetic energy and for negative value, it contributes to the stored
electric energy.
There are many other representations of λn used in the literature for better
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interpretation of results. It helps in ﬁnding the bandwidth of a particular mode
as well as the modal quality factor. An important way of analyzing the radiating
structure corresponding to its mode is to convert the λn into modal signiﬁcance
(MS). It is given by
MS =
∣∣∣∣ 11 + jλn
∣∣∣∣ (3.17)
The MS varies from 0 to 1 where 1 signiﬁes that the mode is eﬃciently radi-
ating. It also helps in ﬁnding the radiating bandwidth of a mode for the range
where its value is greater than 0.707. Using the inverse of the calculated fractional
modal bandwidth, modal quality factor can also be computed.
Another representation of λn used in literature is called the characteristic angle.
It is given by
CharacteristicAngle = 180− tan−1(λn) (3.18)
The mode is a good radiator when its characteristic angle is in between 135o
and 225o with 180o being the center resonant frequency. Thus, it is also used to
ﬁnd the radiation bandwidth and quality factor of the mode.
Another important term used in this theory is the ”characteristic ﬁelds” En.
These are the ﬁelds produced by the Jn. Like Jn, characteristic ﬁelds also make
an orthogonal set in the far-ﬁeld. They can be computed by ﬁrst calculating
the vector potential An (given in Eq.(3.14)) corresponding to the characteristic
current Jn. The characteristic ﬁeld En is then computed as
En = −jωAn − j 1
ωμ
∇(∇ · An) (3.19)
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The total surface current on a conducting body is the weighted sum of all the
characteristic currents. Same goes for the far-ﬁeld patterns. The weighting factor
depends on how much each mode is excited and its depends on the excitation.
For electrically large structures, the total ﬁeld is due to the excitation of several
modes. However, for electrically small structures, only few modes are excited.
3.3.2 Analysis of the Proposed Design
To analyze the design, the structure was modeled in FEKOTM which is a MoM
based solver. The generalized impedance matrix was calculated by the solver by
ﬁrst meshing the structure into discrete points and then ﬁnd the eigenvalues and
characteristic currents. The solver chose appropriate basis function by itself to
ﬁnd the impedance matrix and subsequent solution to eigenvalue equation. A
higher mesh was required to compute the characteristic modes. The use of a
dielectric in the geometry further complicates it, and it was only recently, that
the software was updated to handle such problems 1. However, for such problems,
the simulator solves for a very small frequency range and for a limited number of
modes. Since the problem at hand was an electrically small antenna, only ﬁrst
mode was required to be analyzed.
Initially, a standard MPA was modeled. The substrate used was FR4 with a
dielectric constant of 4 and thickness of 1.5 mm. The patch size was 29.5×38 mm2.
The antenna had a resonant frequency of 2.35 GHz when properly excited. For the
1Most of the work in literature including the most recent ones have only used wire-like
or planar geometries.
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Figure 3.18: Eigenvalues of the ﬁrst mode for the MPA structure
characteristic mode analysis, no excitation was deﬁned and no feed structure was
modeled. Due to the limitation on calculations, only the ﬁrst mode was analyzed
in a limited frequency range of 2.3 GHz to 2.44 GHz with 21 points. Since the
lowest resonant frequency of the structure was to be analyzed, the ﬁrst mode was
enough.
The computed impedance matrix corresponding to the structure had
2616×2616 entries for each frequency point. The eigenvalues of the ﬁrst mode
of the patch structure versus the frequency were obtained as shown in Fig. 3.18.
The eigenvalue was zero at around 2.35 GHz which shows that when the ﬁrst
mode of the structure is properly excited, it will resonate at 2.35 GHz. This is
also the lowest possible resonance of the structure since all higher modes attain a
value zero at higher frequencies.
To analyze the aﬀect of CSRR using the Characteristic modes theory, a single-
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Figure 3.19: Eigenvalues of the ﬁrst mode for the CSRR-loaded MPA structure
ring CSRR was etched out in the same MPA structure. The outer radius of
the CSRR was 12 mm while its thickness was 1 mm. Again, the structure was
analyzed without any excitation. The simulation was run for a frequency range
of 1.5 GHz to 1.9 GHz with 21 discrete equally spaced points. The eigenvalues
of the ﬁrst mode obtained versus the frequency is shown in Fig. 3.19. As evident
from the curve, the eigenvalue corresponding to the lowest order mode crossed
the zero line at 1.825 GHz clearly showing that the CSRR loading lowered the
resonant frequency of the structure. The higher order modes had a much higher
magnitude and therefore did not contribute to the resonance of the structure in
this frequency range.
For better analysis and computation of the radiating bandwidth and quality
factor of the ﬁrst mode, the MS was computed from the eigenvalue. The MS for
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Figure 3.20: Modal Signiﬁcance of the ﬁrst mode for the CSRR-loaded MPA
structure
the ﬁrst mode versus frequency is shown in Fig. 3.20. The MS was 1 at 1.825 GHz,
which corresponded to the resonant frequency of the structure. From the curve,
the radiating bandwidth of the ﬁrst mode was 110 MHz and the modal quality
factor was 16.5. These values in reality can be achieved if the mode is properly
excited.
Fig. 3.21 shows the current on the top and bottom side of the CSRR-loaded
structure which corresponds to the ﬁrst mode. The current had a curve shape
along the periphery of the CSRR while a high current density was along the edges
of the MPA which corresponded to the non-radiating edges of the normal MPA.
This explains why the shift in the microstrip feedline was required along the width
of the patch to excite the proper mode.
The analysis using the theory of characteristic mode clearly indicated that the
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(a)
(b)
Figure 3.21: Characteristic current corresponding to the ﬁrst mode on the CSRR-
loaded MPA structure (a) Top side, (b) Bottom side
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CSRR-loading on the patch resulted in lowering the resonant frequency of the
structure. From the characteristic currents on the structure, the increase in the
current path was evident which resulted in the lower resonant frequency of the
structure. The analysis also gave an idea of location for better excitation of the
mode to get the required resonance.
3.4 Comparison & Conclusions
The proposed design of miniaturized MPA is compared with other small MPA
designs found in literature. Table 3.4 summarizes diﬀerent features of some of
the well cited references from literature along with the proposed antenna features.
Most of the reported designs have limited bandwidth. This is in line with the
theoretical limits of ESA. The bandwidth is much more limited in the designs
which are miniaturized using the MTM-inspired techniques. Most of the designs
are also not planar and employ complex structures by bending, folding and short-
ing the MPA. Some designs which are based on the material loading have simple
design methodology but they use the expensive dielectric substrates which are not
readily available. Others do not provide the proper design methodology for using
the technique to design MPA in diﬀerent band.
Since the proposed technique is a MTM-inspired one, a close comparison of
this technique with other MTM-inspired techniques reveal its usefulness. The
bandwidth provided by this technique is much better than the other reported
MTM-inspired miniaturized MPA designs. It provides a bandwidth of 2% while
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the other MTM-inspired techniques have reported a bandwidth of 0.5% for the
miniaturized MPA designs. The miniaturization achieved by the technique is also
better than other MTM-inspired techniques. The antenna has comparable radi-
ation eﬃciency and gain. The proposed technique therefore, results in a simple
and planar MPA structure which can be designed for several bands using a sim-
ple design methodology and oﬀers several advantages over many of the reported
designs.
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CHAPTER 4
MIMO ANTENNA SYSTEMS
Since the goal of this work is to design MIMO antenna systems, it is important
to ﬁrst go over the basics of MIMO systems, importance of MIMO antenna in
these systems, evaluation parameters for a MIMO antenna system and review of
diﬀerent MIMO antenna designs found in literature. This chapter covers all of
these issues. It starts with a description of MIMO system and explains how it
oﬀers better communications over a SISO system. The importance of antenna
used in a MIMO system is highlighted and the performance evaluation metrics
of MIMO antenna system are described. The chapter also summarizes the main
work found in literature on the design of MIMO antenna systems to date.
4.1 MIMO Systems
Digital communications using MIMO systems has emerged as an important tech-
nology breakthrough in recent years. The MIMO system makes use of the diversity
in a multipath environment and provides an improved performance in terms of
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reliability of the communication or higher data rates as compared to a single-
input-single-output (SISO) system. Such a multipath scenario normally exists
in an urban environment where the communication is mainly non-line-of-sight
(NLOS). In the 4G-LTE wireless standards, MIMO systems have been adopted
to achieve such high data rates.
The research covering MIMO systems gained momentum after 2000 when it
was ﬁrst proposed by Bell labs [65]. Since then, a lot of literature has been
published in various journals covering various aspects of the topic. Some of the
important work covering the topic can be found in [66–69].
The use of MIMO systems results in an improved performance due to the
diversity gain, array gain, multiplexing gain and interference reduction [69]. How-
ever, due to conﬂicting demands of these operating methods, it is not possible for
the MIMO system to fully exploit all these gains simultaneously.
Diversity is a powerful feature of a MIMO system. For an N×NMIMO system,
if the same signal is transmitted over all the channels, and all the channels fade
independently, then the probability of receiving the signal at the receiver is much
higher than a SISO system. The gain obtained in this way is called diversity
gain. The diversity gain of a MIMO system highly depends on the number of
uncorrelated channels.
The array gain of MIMO antenna system can be utilized when the channel
state information is known to receiver and transmitter. By assigning diﬀerent
weights to diﬀerent channels, an increase in the average SNR is achieved.
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Cellular systems use frequency reuse in cells which causes co-channel inter-
ference. A MIMO system is capable of reducing such interference. The MIMO
system can diﬀerentiate between the spatial signature of the desired signal and
co-channel signal thus reducing such interferences.
Multiplexing gain is another powerful feature of a MIMO system. In this
scheme, the transmitter sends independent data signals on each channel. In this
way, the channel capacity of a MIMO system increases linearly with the increase
in the number of uncorrelated channels.
The upper limit of the channel capacity of a SISO system can be computed
by Shannon’s equation. MIMO antenna systems can achieve a capacity beyond
this limit by utilizing multiplexing gain. The channel capacity of an N×N MIMO
antenna system when the power is equally divided among the N channels is given
by [66];
C = N × log2
(
1 +
SNR
N
)
(4.1)
where SNR is the signal-to-noise ratio.
Fig. 4.1 shows the upper limit on the capacities of SISO, 2×2 MIMO system,
4×4 MIMO system and 8×8 MIMO system in an ideal environment. As seen
from Fig. 4.1, the capacity of an 8×8 MIMO system is 5 times higher than a
SISO system at an SNR of 20 dB. This capacity however gets limited due to the
correlation in antenna patterns and propagation channel eﬀects [66]. Therefore,
an important consideration in the MIMO system is the design of its antenna.
For a MIMO system to be implemented in a compact wireless device, their is a
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Figure 4.1: Upper limits of the channel capacity of SISO and MIMO systems.
limited space for its antenna. For closely placed multiple antenna elements in such
arrangement results in high coupling between antenna elements and induces a high
correlation among channels. This can severely reduce the actual capacity limits
of the MIMO system. To achieve a better capacity, good isolation and low spacial
correlation are required between the elements of the MIMO antenna system. The
capacity of single user N×N MIMO system in a real multipath environment is
given by [66];
C = log2
(∣∣∣∣I + SNRN HH∗
∣∣∣∣
)
(4.2)
where ‘I’ is the identity matrix of dimension N×N and ‘H’ is called the channel
coeﬃcient matrix. The entries of the channel matrix contains the gain and phase
information of the propagation paths between the transmitter and receiver ele-
ments. The channel matrix can be computed from theoretical models of diﬀerent
propagation environments or through measurements.
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4.2 MIMO Antenna System
The front end of the MIMO systems is the MIMO antenna. It is an important
part of the MIMO systems and its design and performance directly aﬀects the
performance of the overall system. Therefore, the design of novel MIMO antennas
has received considerable attention in the recent years. The desirable features of
a MIMO antenna system are low proﬁle design with small antenna elements.
To maximize the diversity gain of a MIMO system, the elements of the MIMO
antenna must also have high isolation between them [70], and all antenna elements
should have the same average received signal strength [71]. The requirement of
implementing a MIMO system in compact devices asks its antenna designer to
look into two main issues which are as follow;
(i) Find miniaturization techniques for low-proﬁle antenna elements so that
multiple elements can be accommodated in limited space.
(ii) Find techniques to enhance isolation between closely places antenna ele-
ments.
Some of the initial papers on the topic of MIMO antenna system appeared in
2005 such as [70], [72]. These papers included some basic designs using monopole
antennas where the performance of the MIMO antenna was discussed and the
evaluation of the parameters of the MIMO antenna were described. Many designs
were proposed in the years to follow. In all of the work, it was noted that novel
small antenna elements were required and novel methods were pursued to increase
the isolation between antenna elements.
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4.3 Performance Metrics for MIMO Antenna
System
The improvement that the MIMO system oﬀers over its SISO counterpart in
communication systems is highly dependent on the performance of its MIMO
antenna. Therefore, it is vital to evaluate the performance of a MIMO antenna
system. Conventional antenna performance metrics are no longer suﬃcient to
describe and predict the performance of a MIMO antenna system in a real wireless
environment.
The performance evaluation of a MIMO antenna system is based on various
parameters as opposed to a SISO system whose performance measures are mainly
its s-parameters and far-ﬁeld radiation characteristics. These parameters (perfor-
mance metrics) characterize a MIMO antenna system for its frequency response,
mean eﬀective gain in a particular environment and the degree of its diversity
gain. The parameters needed to evaluate a MIMO antenna system include the s-
parameters, the total active reﬂection coeﬃcient (TARC) [73], the mean eﬀective
gain (MEG) [74], the correlation coeﬃcient [75] and the channel capacity [76].
The detail description of each is given in following sections.
4.3.1 Resonance and Isolation
The scattering parameters of any antenna system are the ﬁrst measure of its per-
formance. For a MIMO antenna system, the S-parameters give the resonance and
bandwidth of each antenna element and the port isolation between diﬀerent an-
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tenna elements. In a MIMO system, it is desirable that all antenna elements of
the MIMO antenna system have same frequency response. For good radiation ef-
ﬁciency of the antenna, a high isolation (low mutual coupling) is required between
antenna elements.
4.3.2 Total Active Reﬂection Coeﬃcient (TARC)
Although we get some basic measures of the performance of a MIMO antenna sys-
tem from its S-parameters, yet they are not the best representation of its frequency
response especially its eﬀective bandwidth. Therefore, total active reﬂection coef-
ﬁcient (TARC) was introduced for broadband characterization of multi-port an-
tenna system. The TARC for a MIMO antenna is deﬁned as the ratio of the
square root of the total reﬂected power to the square root of the total incident
power. Mathematically it is expressed as [73];
Γ =
√∑ |bi|2∑ |ai|2 (4.3)
where bi and ai is the reﬂected and incident signals, respectively. The incident
and reﬂected signals are related to each other by the S-parameter of the MIMO
antenna system. They are given as [73];
[b] = [S].[a] (4.4)
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where S is the N×N scattering parameter matrix of the N-element MIMO antenna
system.
As evident from Eq.(4.3), the TARC has a value between 0 and 1. When the
entire incident signal is reﬂected back, TARC has a value equal to one while it has
a value equal to zero when the entire incident signal is radiated and no part of
the incident signal is reﬂected back. Thus zero signiﬁes the best performance and
one signiﬁes a total loss. For a MIMO antenna system, a TARC versus frequency
plot gives the eﬀective bandwidth of the MIMO antenna. Often, the TARC is
computed in decibels. TARC takes into account the coupling between diﬀerent
antenna elements as well as the combination of randomly phased incoming signals.
TARC also gives a measure of the antenna eﬃciency of a lossless MIMO antenna
system. TARC is calculated for diﬀerent combination of excitation signals at the
input ports. To calculate TARC from the measured S-parameters of an N-element
MIMO antenna system, Eq.(4.4) is used to calculate the reﬂected signals. The
incident signals are taken with unity amplitude and diﬀerent phase diﬀerences.
After calculation of reﬂected signal, Eq.(4.3) is used to calculate the TARC of the
MIMO antenna system.
4.3.3 Antenna Eﬃciency
In general, most of the miniaturized antennas are not lossless and they have low
radiation eﬃciencies. When using such antennas as the elements of a MIMO
antenna system, it is important to know their radiation eﬃciency as this parame-
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ter is directly related to the diversity and multiplexing gain of a MIMO antenna
system. The eﬃciency of an antenna is the sum of its radiation eﬃciency and
matching eﬃciency. While the s-parameters and TARC gives a good measure of
the matching eﬃciency of a MIMO antenna system, they cannot give information
about the dielectric and ohmic losses within the antenna. Although the reﬂection
eﬃciency may be high, the dielectric and ohmic losses within antenna can consid-
erably decrease the radiation eﬃciency and performance of an antenna. Therefore,
it is important to have knowledge of the radiation eﬃciency of the antenna which
cannot be obtained from the S-parameters and TARC curves. There are diﬀerent
methods to measure the total eﬃciency as well as the radiation eﬃciency of the
antenna [77]. One such method is the gain-directivity method. In this method,
the gain and directivity of an antenna are measured and the ratio of the two gives
the antenna eﬃciency. The method requires anechoic chambers for accurate re-
sults where far ﬁeld radiation patterns of the antenna can be measured. Another
method to measure the eﬃciency of the antenna is the Wheeler cap method [77].
This method is much simpler as it requires measurements taken from network
analyzer only. In this method, initially the input reﬂection coeﬃcient of the test
antenna is measured. The antenna is then placed on a ground plane and covered
with a conducting cap. The reﬂection coeﬃcient of the antenna is again measured
for this arrangement. The radiation eﬃciency is then given as [77];
η = 1− 1− |Γcap|
2
1− |Γin|2 (4.5)
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The basic principle behind this method is that when the antenna is covered by
a conducting cap, the radiated signal is reﬂected back to the antenna. Therefore,
a lossless or low loss antenna will have high reﬂection at the input when covered
with a conducting cap. For a very lossy antenna, since the input signal is lost
within the antenna, nothing much will be reﬂected back due to conducting cap.
4.3.4 Correlation Coeﬃcient
The correlation coeﬃcient is a parameter which gives a measure of how much the
signals received by the elements of a MIMO antenna system are correlated due to
antenna patterns. This parameter is a function of the radiation patterns of the
MIMO antenna elements. The diversity performance of a MIMO antenna system
degrades with the increase in mutual coupling between the antenna elements of
the MIMO antenna system. The envelop correlation (ρe) between two antenna
elements is computed from their far-ﬁeld radiation characteristics. It is given
as [75];
ρe =
| ∫∫ F1(θ, φ) ∗ F2(θ, φ)dΩ|2∫∫ |F1(θ, φ)|2dΩ ∫∫ |F2(θ, φ)|2dΩ (4.6)
where Fi(θ, φ) is the radiation pattern when element ’i’ is active and ’
∗’ represents
the Hermitian product.
The correlation coeﬃcient is the square root of envelope correlation ρe. The
value of the correlation coeﬃcient lies between 0 and 1 where 0 signiﬁes totally
uncorrelated antennas and 1 tells that the two antenna elements are the same to
the channel i.e. they are like a single antenna. For a good diversity performance
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in the new 4G standards, the correlation coeﬃcient between the antenna elements
must be below 0.3 and envelop correlation coeﬃcient must be less than 0.5
The calculation of the correlation coeﬃcient is diﬃcult as it involves the ra-
diation patterns of the antenna elements. However, if the MIMO antenna is
operating in a uniform multipath environment which is the one where fading en-
velope is Rayleigh distributed, the incoming ﬁeld arrives in the horizontal plane
only, the incoming ﬁelds orthogonal polarizations are uncorrelated, the individual
polarizations are spatially uncorrelated, and the time-averaged power density per
steradian is constant [78], then the correlation coeﬃcient between two antenna
elements can be computed from it S-parameters if the antenna eﬃciency is also
high. It is given as [75];
ρ =
|S11 ∗ S12 + S21 ∗ S22|√
(1− |S11|2 − |S21|2)(1− |S12|2 − |S22|2)
(4.7)
Eq.(4.7) is valid for lossless antennas only. Normally, miniaturized antennas
used as the elements of the MIMO system have low radiation eﬃciency. In order
to factor in the aﬀect of eﬃciency of the antenna elements in Eq.(4.7), a modiﬁed
version of this equation is normally used for antenna elements with low radiation
eﬃciency. It is given by
ρ =
|S11 ∗ S12 + S21 ∗ S22|√
(1− |S11|2 − |S21|2)(1− |S12|2 − |S22|2)ηiηj
(4.8)
where ηi and ηj are the radiation eﬃciency of antenna element i and j, respectively.
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4.3.5 Radiation Pattern
The radiation pattern of an antenna gives the spatial dependence of its ﬁeld
strength. They are measured for an antenna and graphically represented by two-
dimensional and three-dimensional polar plots. In a MIMO antenna system, it
is measured for each antenna element. To calculate the radiation pattern of an
element of a MIMO antenna, the element is excited by a source and the rest of
the antenna elements are terminated with a 50Ω load. The ﬁeld patterns are then
obtained either by simulation or by measuring them at an antenna testing facility.
4.3.6 Mean Eﬀective Gain (MEG)
The gain of an antenna is an important measure in the calculation of its link budget
which determines the coverage area and achievable data rates of the system. In a
mobile propagation environment, the directive gain of an antenna cannot be used
to get the accurate results. In such environments, the mean eﬀective gain (MEG)
of the system is calculated. The MEG of an antenna is deﬁned as the ratio of mean
received power to the mean incident power. The MEG of an antenna operating in
an urban mobile environment is determined by the mutual relation between the
ﬁeld patterns of the antenna and the statistical distribution of the signal in the
environment [74].
For a mobile wireless environment with the assumptions deﬁned in [78], the
MEG of an antenna can be computed using its two-dimensional gain patterns. It
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is given as,
MEG =
1
2π
∫ 2π
0
[
Γ
1 + Γ
Gθ(
π
2
, φ) +
1
1 + Γ
Gφ(
π
2
, φ)
]
dφ (4.9)
where Γ is the cross-polarization discrimination (XPD) of the incident ﬁeld (ratio
between the vertical and horizontal power densities), Gθ and Gφ are the gain
pattern components of the antenna elements. Using the above deﬁnition, the
maximum possible MEG with 100% antenna eﬃciency is -3 dB [78]. For a MIMO
antenna system, the MEG of all elements should be the same to get the best
diversity performance. The ratio of the MEG of the antenna elements of the
MIMO antenna system should be close to unity and should not exceed 3dB for
good performance.
4.3.7 Channel Capacity
As mentioned in the previous sections, a MIMO system can be used to increase
the channel capacity by utilizing the multiplexing gain. The design of a MIMO
antenna has profound aﬀect on the multiplexing gain of the MIMO system. There-
fore, the antenna should also be evaluated for the upper limit of channel capacity
it can give in a particular environment. For this, either measurements can be
carried out in real environments or theoretical models are used which predict the
performance of the antenna based on the radiation characteristics of the antenna
elements. Recently, reverberation chambers were designed to test the channel
capacity and other performance of the MIMO antenna [79]. The reverberation
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chamber emulates an isotropic multipath environment of similar type as of urban
or indoor environments. Thus it helps in measuring the MIMO system channel
capacities without driving around in the urban environment or moving around in
with measurement equipment in indoor environment.
Some models are developed for estimating the channel capacity of a MIMO an-
tenna system for isotropic multipath environments [76]. The models use Eq.(4.2)
to ﬁnd the channel capacity and calculates the channel matrix based on the 2D
radiation patterns of the antenna. When the same MIMO antenna systems are
used at both the transmitter and receiver ends, the channel matrix H is given
as [76];
H =
√
ΨG
√
Ψ (4.10)
where G is a random matrix with independently identically distributed complex
Gaussian entries. Ψ is the transmit and receive correlation matrix. The entries of
Ψ matrix are calculated using
Ψi,j =
μij√
μiiμjj
(4.11)
μij is calculated based on the ﬁeld patterns of antenna element i and j. It is
given by
μij =
∫ 2π
0
[
ΓAiθA
∗
jθ + AiΦA
∗
jΦ
]
dΦ (4.12)
where A(θ) and A(Φ) are the 2D radiation pattern of the antenna elements in
the two planes.
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Thus, the radiation patterns of the elements of MIMO antenna systems are
required in estimating the performance of the antenna in terms of channel capacity
when they are used in urban environment.
4.4 MIMO Antenna System Designs
While the MIMO system was proposed more than a decade ago, the antenna
design for such system did not receive much attention initially. Some of the initial
work in the MIMO antenna design included the performance analysis of MIMO
antenna systems whose elements were made up of standard wire based monopole
antennas [70]. The performance of the MIMO antenna system was measured and
compared to the theoretical capacity of the MIMO systems. Although the design
was unsuitable for any practical use, it helped in studying the eﬀects of antenna
design on MIMO system performance. The main conclusion drawn out of this
work was that mutual coupling between antenna elements signiﬁcantly degrades
the performance of the MIMO systems.
Since the main use of MIMO systems is in the portable wireless devices, most
of the proposed designs in the literature are related to printed antennas and mostly
planar structures. Most of the designs that appeared in the literature were made
up by adding multiple modiﬁed printed monopoles [70,80–93], printed dipoles [94–
96], slot antennas [97,98], Printed Inverted F-shape antennas (PIFA) [72,99–108],
MPA [55, 109, 110], or a combination of these antennas [111, 112]. Fig. 4.2 shows
the geometries of the standard printed antennas such as dipoles, monopoles, MPA
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Figure 4.2: Geometry of standard printed antennas, (a) Printed Dipole, (b)
Printed Monopole, (c) Patch Antenna, (d) Side view of PIFA
and PIFA.
4.4.1 Monopole Based MIMO Antenna System
Printed monopoles are easy to design and fabricate and exhibit good operating
bandwidth. A number of MIMO antenna designs are presented in the literature
whose elements are printed monopoles. The size limitations of antennas are often
overcome by shaping, bending and meandering the monopoles. However, these
types of MIMO antennas suﬀer from high mutual coupling among its antenna ele-
ments. Therefore, a number of designs are solely based on improving the isolation
between closely placed monopoles e.g. [90, 113–115].
Among the initial designs of the MIMO antenna systems was a 6-element
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MIMO antenna system made up of monopoles [70]. In this work, the MIMO an-
tenna was analyzed and it was concluded that isolation between antenna elements
of the MIMO system is an important factor which greatly aﬀects the performance
of the MIMO system. High isolation between antenna elements was therefore
concluded to be important for the MIMO antenna system design.
In [80], a two element MIMO antenna system was proposed for WiBro appli-
cations. The elements of the antenna were folded monopoles. The isolation was
improved by adding a ground wall at one end of the antenna. A 4-element MIMO
antenna system made up of monopoles was proposed in [81]. The total size of
the antenna was 95×60×0.8 mm3 and it was made on an FR4 substrate. The
antenna was designed to cover the UMTS band with a center frequency of 2 GHz
and a bandwidth of 320 MHz. A simple and compact decoupling network based
on transmission lines was proposed in [82]. It improved the isolation between two
printed monopoles by more than 10 dB. In [83], a two element MIMO antenna
system was proposed whose elements were C-shaped monopoles. The antenna was
designed for WLAN operation and was frequency reconﬁgurable. It could switch
between 2.4 GHz and 5 GHz using the RF switches. A neutralization line method
was used between the antenna elements to improve the isolation.
A 2-element MIMO antenna system was presented in [84] using folded
monopoles as its elements. The antenna operated in the 2.4 GHz ISM band and
was designed for mobile hand held devices. An E-shape monopole triband antenna
proposed as an element for MIMO antenna system was presented in [85]. The an-
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tenna resonated at 2.4 GHz, 5.2 GHz and 5.8 GHz eﬀectively covering the WLAN
bands. Diﬀerent conﬁgurations of an array of two elements were analyzed to mea-
sure the performance of the antenna. In [87], a monopole based 2-element dual
band MIMO antenna system was proposed. The antenna resonated at 2.4 GHz
and 5.6 GHz. The isolation between the elements was improved by a transmission
line network.
In [86], a MIMO antenna system for 2.4 GHz WLAN and WiMAX applica-
tion was proposed. The antenna consisted of two elements of meandered line
monopoles. A metamaterial based ring resonator structure was designed and
placed between the two elements to increase the isolation. In [89], a 2-element
MIMO antenna system for use in the portable wireless devices was presented. The
antenna resonated at 2.45 GHz and 5.8 GHz. The antenna was made up of two
monopoles. A shorting strip and an isolation stub was designed to reduce the
mutual coupling between the antenna elements. The volume of the antenna was
15×50×0.8 mm3 and it was fabricated on FR4 substrate. In [91], a 2-element
MIMO antenna system made up of meandered monopoles was proposed for mo-
bile handset application. The antenna was designed for the LTE operation and
covered the 800‘MHz band. The design was compact and occupied a volume of
40×50×0.8 mm3. A frequency reconﬁgurable 2-element MIMO antenna system
composed of printed monopoles was presented in [116]. PIN diodes were embed-
ded in the design to switch the band of operation of the antenna. The antenna
operated in either the WLAN band or the WiMAX band depending on the state
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Figure 4.3: Fabricated two element monopole based MIMO antenna system with
microstrip line structure for high isolation [113].
of PIN diodes.
Many of the recent papers that appeared in the literature related to printed
monopole based MIMO were oriented towards new methods to increase isolation
between antenna elements. In [90], a 2-element monopole based MIMO antenna
system was presented. The antenna covered a wide band and resonated from
2.4 GHz to 6.25 GHz. Two bend slits in the ground plane were proposed to
increase the isolation between the antenna elements. In [113], [114], [115] and
[117], diﬀerent isolation enhancement mechanisms were proposed between two
printed monopoles. The band of all these antennas system was 2.4 GHz ISM
band. In [113], a synthesized microstrip line structure to decrease mutual coupling
between monopoles was presented. Fig 4.3 shows the photo of fabricated antenna.
The antenna had a dual band operation in the 2.4 GHz and 5.2 GHz band. Using
the proposed decoupling technique, more than 20 dB improvement in isolation
was achieved in both the bands.
In [115] a decoupling network using parasitic elements was presented. A neu-
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tralization line technique was introduced in [117] to increase isolation between
monopoles. A metamaterial based isolation technique was presented in [114]. In
this work, split-ring resonator like structures were placed between two monopoles
to increase the isolation.
A compact design of 2-element MIMO antenna system was proposed by [93].
The elements were wideband monopoles. The antenna covered the band from
3.1 GHz to 10.6 GHz and was designed for portable ultra wideband applications.
In [92], a compact MIMO antenna system was presented. The elements of the
antenna were folded monopoles with varactor diodes. The antenna was frequency
reconﬁgurable between 2.3 GHz and 2.6 GHz band. It was also electronically
beam steerable.
In summary, a majority of the MIMO antenna designs proposed were made
using monopoles as their element. This was mainly due to the easy design and the
limited space occupied by monopoles on printed structures. However, these type
of antennas suﬀered from high correlation and coupling between their antenna
elements. Therefore, a major part of the sited work consisted of designs where
strategies for increasing the port isolation for closely placed printed monopoles
was presented. Most of the monopoles based MIMO antenna systems consisted
of 2-element with only a few were 4-elements designs. The design presented in
literature covered diﬀerent bands but most of the designs were presented for the
2.45 GHz ISM band.
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4.4.2 Dipole Based MIMO Antenna System
A printed dipole is also an easy to fabricate and simple antenna structure. It
has an omnidirectional radiation pattern. However, in MIMO application, this
antenna type suﬀers from large size and high mutual coupling. Nevertheless, the
dipole has been analyzed for MIMO system application and few MIMO antenna
system designs are proposed in literature based on dipole.
In [94], a 4-element MIMO antenna system based on folded-dipoles was pro-
posed for use in laptops. The folding of antenna elements and dielectric loading
was used to reduce the antenna size. The antenna operated in the 5.2 GHz WLAN
band. A spiral-dipole antenna for MIMO application was proposed in [95]. The
antenna was circular polarized and resonated at 5.2 GHz. A 2-element MIMO an-
tenna system was proposed in [96]. Each antenna element was made up of dipole
with a magnetic slot. The antenna covered a band from 2.0 GHz to 5.6 GHz. It
was designed for mobile phone applications.
4.4.3 PIFA Based MIMO Antenna System
PIFA can be viewed as a folded monopole or a shorted λ/4 patch. It is widely
used in many wireless mobile phones. They are small in size but require a large
ground plane. Isolation among elements in PFIA based MIMO antenna system
is also an issue. Several MIMO antenna systems are proposed based on PIFA or
modiﬁed versions of PIFA.
In [72], a 2-element MIMO antenna system was proposed for mobile handset
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applications. The elements of the antenna were modiﬁed PIFAs. The antenna
operated in the 5.2 GHz band. In [108], a modiﬁed PIFA based MIMO antenna
system was proposed and analyzed for hadheld devices application. The antenna
worked in the 2.5 GHz band. A quad-band MIMO antenna system composed of
two PIFA was proposed in [105]. The antenna resonated in the 2.4 GHz band,
3.5 GHz band, 5.2 GHz band and 5.8 GHz band covering the WLAN and WiMAx
bands. A combination of a C-shaped slot and a T-shaped slit was used to make
the PIFA multiband. In [118], a compact 2-element PIFA based MIMO system
was presented. The antenna covered the 0.9 GHz GSM band and 2.4 GHz WLAN
band. A dual band 2-element MIMO was proposed in [119]. The antenna res-
onated in the 2.4 GHz and 5.2 GHz WLAN Band. The antenna occupied a space
of 100×50 mm2. A parasitic element was placed between the antenna elements
to improve isolation. A 4-element MIMO antenna system was presented in [99].
The elements were modiﬁed PIFA resonating in the ISM band. The antenna oc-
cupied a space of 120×120×16.4 mm3. Fig. 4.4 shows the photo of the fabricated
4-element antenna.
A MIMO antenna system consisting of two compact PIFAs was designed for
USB dongle [102]. In [103], an isolation method for two closely placed PIFAs
was proposed in the 2.4 GHz WLAN band. A T-shaped ground slot with a chip
capacitor was designed to improve isolation. In [100], a 4-element MIMO antenna
system was proposed. The elements of the antenna were miniaturized PIFA. The
PIFA was miniaturized by meandering the structure. The total area occupied
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Figure 4.4: Fabricated 4-element PIFA based MIMO antenna [99].
by the antenna system was 105×55 mm2. A tunable 2-element MIMO antenna
system composed of compact multiband PIFA is proposed in [101]. The antenna
miniaturization and tunability is achieved by inductor and varactor loading. The
antenna can be tuned electronically from 720 MHz to 970 MHz.
Due to the compact size and ease of design, PIFA has been widely used as an
element of the MIMO antenna system. Its use is comparable to that of printed
monopole. The designs reviewed here and others found in literature covered sev-
eral bands and there were many designs which covered multiple bands simultane-
ously. Thus, PIFA remained a foremost choice in the MIMO antenna design.
4.4.4 MPA Based MIMO Antenna System
MPAs are very common and widely used. Because of their easy design, low proﬁle,
planar structure and easy integration with integrated circuit technology, they have
found application in many wireless devices. Despite their several advantages, they
are seldom used in the MIMO antenna system design, mainly due to their large
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size. However, some papers can be found in literature where MPA has been used
as the element of the MIMO antenna system.
In [109], a three element MIMO antenna system based on the triangular
patches was proposed. The antenna operated at the 2.65 GHz. The perfor-
mance of the antenna was evaluated and it was found that the antenna had a
high diversity gain. A 4-element MIMO antenna system consisting of proximity
coupled patch antennas was proposed in [120]. The antenna was designed for
2.4 GHz WLAN operation. In [55], a miniaturized patch was proposed for use
in the MIMO application. The miniaturization of patch was achieved by using
a metamaterial substrate. The matematerial substrate was designed by placing
perpendicular SRR in between the patch and the ground plane. Although the
substrate became thick, signiﬁcant miniaturization, low mutual coupling and cor-
relation coeﬃcient was achieved in the MIMO antenna system that was based on
this substrate. Fig. 4.5 shows the geometry of the SRR based patch antenna.
In [121], a patch antenna based 2-element MIMO antenna system was pre-
sented. The antenna operated in the 5.8 GHz WLAN band. The isolation between
the antenna elements was improved by a slot in the ground plane.
4.4.5 Other MIMO Antenna System
Several MIMO antenna system designs are proposed in literature with novel an-
tenna element designs. In [122], a 24 element and a 36 element MIMO antenna
system was analyzed for channel capacity. The elements of the antenna system
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Figure 4.5: Geometry of the SRR based patch antenna [55].
were quarter wavelength slot antennas. The elements were arranged in a cube
shape and it was shown how the MIMO antenna system increased the channel
capacity and how the coupling between antennas degrades the performance of
MIMO systems. In [123], a two element MIMO antenna system made up of loop
antennas was proposed. The antenna operated in the ISM band. The antenna was
compact and occupied a volume of 38×28×1.5 mm3. In [124], a 4-element MIMO
antenna system was proposed. The elements of the MIMO antenna were quarter
wavelength slot antenna. The antenna covered a band from 1.6 GHz to 2 GHz.
A multi-band MIMO antenna system was proposed in [125]. The antenna was
designed for WLAN access point applications and consisted of dual loop antenna.
The antenna resonated in the 2.4 GHz, 5.2 GHz and 5.8 GHz bands. The size of
each antenna element was 10×20×40 mm3.
A 3-element MIMO antenna system was proposed in [126]. The elements
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of the MIMO antenna system were printed Yagi-Uda antenna with integrated
balun. The elements were arranged in such a way that they had orthogonal
radiation patterns, thus yielding a very low correlation coeﬃcient. The antenna
was designed for WLAN operation and covered the 2.4 GHz and 5 GHz band.
A 2-element MIMO antenna system was designed in [127] for the 750 MHz LTE
band. The elements of the MIMO antenna were ferrite antennas. The total space
occupied by the antenna system was 110×55×1.5 mm3. A 2-element cavity backed
slot antenna was described in [128]. The antenna operated in the 5.2 GHz band
and had a good isolation between antenna elements. The antenna was compact
and targeted the mobile phone applications. The antenna was also analyzed for
the channel capacity.
A 2-element magneto-dielectric based antenna was proposed in [129]. The
antenna operated in the 700 MHz LTE band. Although the eﬃciency of the
antenna elements were 30% but the antenna was highly compact and the total
size of the antenna system was 85×40 mm2. A 2-element pattern reconﬁgurable
MIMO antenna system was presented in [130]. The antenna elements consisted
of U-slot patch antenna and operated in the 5.2 GHz band. Each edge of the
patch was shorted with a PIN diode. The proposed antenna could electrically
reconﬁgure the radiation pattern between conical and boresight patterns based
on the switching of the PIN diode. A dual band MIMO antenna was presented
in [131]. It consisted of two 4-shaped antennas. The isolation between the antenna
was improved by a defected ground structure. The lower band of the antenna
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covered 803-823 MHz and in the higher band, it covered 2440-2900 MHz. The
antenna was designed for the mobile terminals and occupied a total volume of
100×50×1.5 mm3. A 4-element MIMO antenna system was proposed in [132].
The antenna elements were made up of 4-shaped antennas. The antenna covered
the 750 MHz LTE band and 2.4 GHz band. The volume of the antenna was
58×110×1.56 mm3.
Many of the proposed designs consisted of a combination of standard antenna
element types. In [133], a 2-element MIMO antenna system was presented with
a broadband operation. The antenna covered several bands including the GSM,
WLAN, UMTS and some LTE bands. The antenna elements were combination
of monopoles and halfwave dipoles. An ultra wideband MIMO antenna system
was proposed in [111]. The antenna was designed for USB dongle application
and operated from 1.7 GHz to 5.15 GHz. The elements of the MIMO antenna
were a combination of slot antenna and monopoles. A MIMO antenna system
for WLAN operation in the 2.4 GHz band was proposed in [134]. The antenna
elements were a combination of ring patch antenna and PIFA. A MIMO antenna
system operating in the 2.55 GHz band was proposed by [135]. The antenna had
a non-planar structure in which three elements made up of dipole and half-wave
slot antenna were placed perpendicular to each other.
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4.5 Conclusions
The design of antenna for MIMO system require special consideration which was
outlined in this chapter. The metrics used for the MIMO antenna evaluation are
diﬀerent than for a normal single element antenna, and these must be used to
properly characterize the performance of a MIMO antenna system.
A comprehensive survey of the MIMO antenna system was presented. Various
designs of MIMO antenna systems were presented in literature during the past
few years. Most of these designs utilized printed monopole or PIFA as the element
of MIMO antenna system. There were others which utilized novel elements but
such cases were few in number. Fig. 4.6 shows the classiﬁcation of MIMO antenna
systems according to the antenna element used which clearly depicts the high use
of printed monopoles and PIFAs in MIMO antenna system design. MPA has
received less attention due to its size. However, with proper miniaturization, this
element can be as useful as any other antenna type.
The designs found in literature were made for several bands. The 2.45 GHz
ISM band received considerable attention. This was mainly due to the wide
use of this band by many applications. Also, some of the designs proposing the
generalized concept for isolation enhancement between the antenna elements used
this band for easy measurements. Few designs were presented for frequencies lower
than 1 GHz. These designs mainly covered the lower LTE bands. Similarly, there
were some designs which covered the new 5 GHz WiFi band. Most of the designs
consisted of only 2-elements while a few also presented 4-element designs. Due to
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Figure 4.6: Classiﬁcation of literature related to the MIMO antenna systems
according to the type of their antenna element.
limited space and compact size of the wireless device, it remained a challenge for
many to accommodate more elements specially in the lower LTE band. Fig. 4.7
summarizes the classiﬁcation of the MIMO antenna designs according to the band
of operation.
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Figure 4.7: Classiﬁcation of literature related to the MIMO antenna systems
according to their band of operation.
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CHAPTER 5
MINIATURIZED MPA BASED
MIMO ANTENNA SYSTEM
As mentioned in the previous chapter, very few MIMO antenna designs have ap-
peared in literature which employ MPAs as the elements of MIMO antenna system.
In this chapter, various MIMO antenna systems for practical applications are de-
signed using the proposed miniaturized MPA and it is shown that MPA can be a
good choice for MIMO antenna system design when properly miniaturized. The
designs are made for the ISM band, the 5 GHzWiFi band and the lower LTE band.
Each design is thoroughly analyzed through the MIMO antenna system perfor-
mance metrics. The proposed MIMO antenna system designs are compared with
other well known designs. An MTM-inspired isolation improvement technique is
also proposed and analyzed in this chapter.
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5.1 4-Element MIMO Antenna System for ISM
band Operation
The industrial, scientiﬁc and medicine (ISM) radio bands are free and largely
unregulated bands which were reserved for the use of RF energy for applications
other than telecommunications. However, with time, many of these bands have
been in regular use for short range communication. Among them, the 2.45 GHz
ISM band which has a bandwidth of 100 MHz is widely used for wireless internet
(WiFi), remote control applications, and bluetooth devices. This ﬁnds applica-
tions in mobile phones, laptops, wireless routers etc. Therefore, this band has
received considerable attention by antenna designers and various antenna designs
have been presented covering this band. These include the MIMO antenna designs
covering this band for 4G communications. Apart from the application speciﬁc
antenna designs in this band, many antenna designers chose this band for their
design just for the proof of concept since it is easy to test and characterize an
antenna in this band due to easy availability of many devices in this band.
5.1.1 MIMO Antenna Design
Due to wide use of the 2.45 GHz ISM band in hand-held devices, a compact
4-element MIMO antenna system was designed for the same band. Initially, a
single MPA was designed with the same parameters as discussed in Chapter 3.
The miniaturized patch element was made on the FR4 substrate with a dimensions
of 14×18 mm2 and tuned to 2.45 GHz using the CSRR loading technique.
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Figure 5.1: Geometry of the 4-element ISM band MIMO antenna system (a) Top
view, (b) Bottom view.
A 2×2 (4-element) MIMO antenna system was made using the miniaturized
MPAs by arranging them in an area of 50×50 mm2. The spacing between the
MPA elements was 10 mm. The additional 50×50 mm2 space was ﬁlled with a
ground plane which could be used to mount other electronic devices and ICs for
making a complete transceiver design within a standard 100×50×0.8 mm3 board
size. The top and bottom layers of the proposed design are shown in Fig. 5.1.
5.1.2 Simulation & Measurement Results
The 4-element MIMO antenna system was ﬁrst designed and tuned using
HFSSTM . It was then fabricated. The scattering parameters of the MIMO an-
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tennas were measured using the network analyzer. The two dimensional gain
measurements of the MIMO antennas were carried out at an outdoor antenna
test facility (at Oakland University, Michigan, USA). The results obtained from
the simulations as well as measurements of the MIMO antennas are summarized
in the following sub-sections.
Reﬂection Coeﬃcient and Isolation of the MIMO Antenna
Fig. 5.2 shows the fabricated 4-element MIMO antenna system with CSRR loaded
patches. Fig. 5.2(a) shows the top side of the board while Fig. 5.2(b) shows the
bottom side. Fig. 5.3 shows the simulated and measured reﬂection coeﬃcient
curves of the various elements of the MIMO antenna. Measurements and simula-
tions were in agreement with a slight shift in the resonance frequencies that was
attributed to the fabrication process. The MIMO antenna system covered the
frequency band centered around 2.475 GHz with a -10 dB operating bandwidth
of at least 20 MHz, and a -6dB operating bandwidth of at least 50 MHz.
Since the diversity performance of MIMO antennas is directly related to the
minimum coupling between individual antenna elements, the isolation between the
elements of the proposed antenna was measured. The isolation curves between
the MIMO antenna elements are shown in Fig. 5.4. In the region of resonance,
the worst case isolation was -10 dB which is between antenna elements 1 and 2 (
as well as 3 and 4). These were the antenna elements pair whose radiating edges
were facing each other.
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  (a)                                                   (b)
Figure 5.2: Fabricated 4-element ISM Band MIMO antenna system, (a) Top layer,
(b) Bottom layer.
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Figure 5.3: Reﬂection coeﬃcients of the 4-element ISM Band MIMO antenna
system (ISM Band)
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Figure 5.4: Measured isolation between the elements of the ISM Band MIMO
antenna system
Current Distribution
The current distribution for elements 1 and 3 on both the patch as well as the
ground plane are shown in Fig. 5.5. These current distributions were obtained
from the HFSS simulations. All currents are shown for the 2.48 GHz operating
frequency. Fig. 5.5(a) and Fig. 5.5(b) show the patch current distribution when
elements 1 and 3 are on, respectively. Notice the high current levels indicating
good radiation at the patch edges. In addition, Fig. 5.5(c) and Fig. 5.5(d) show the
current levels on the GND plane beneath the patch elements 1 and 3, respectively
(ﬂip the board). The CSRR currents are showing high levels beneath the radiating
patches at the resonant frequency thus showing that GND plane is also acting
as a radiator. The coupling to adjacent elements is also evident in the current
levels. Only one portion of the MIMO antenna current distribution is shown (i.e.
elements 1 and 3). Since the board is symmetric, similar levels are expected for
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(a)                                                                  (b)
(c)                                                                  (d)
Figure 5.5: Current distribution on the ISM Band MIMO antenna system at
2.48 GHz, (a) Patch 1 is active (top layer), (b) Patch 3 is active (top layer), (c)
Patch 1 active (bottom layer) and (d) Patch 3 active (bottom layer).
the other two elements (i.e. 2 and 4).
TARC and the Correlation Coeﬃcient
The TARC curves of the 4-element MIMO antenna system are shown in Fig. 5.6.
The excitation of port one was kept at 1ej0, while the phases of other ports (i.e.
ports 2, 3 and 4) were changed with diﬀerent phase excitations. Fig. 5.6 shows
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several phase change combinations between the diﬀerent antennas covering both
constructive and destructive interference cases. The curve legend indicates the
phases of elements 2, 3 and 4 with respect to element 1. For example, if the
legend reads (0o,60o,180o) this means that antenna 2 excitation is in phase with
antenna 1, antenna 3 is at 60o phase shift and antenna 4 is completely out of
phase with antenna one excitation.
Fig. 5.6(a) shows TARC curves when element 4 was in phase with element 1
while the phases of element 2 and 3 were varied. A -6 dB bandwidth of at least
50 MHz was achieved. This occurred when either the elements 2 and 3 were in
phase with element 1 or 180o out of phase with element 1.
TARC curves shown in Fig. 5.6(b) were obtained when element 2 was kept in
phase with element 1 while phases of element 3 and 4 were varied. A minimum of
60 MHz -6 dB bandwidth was achieved when either the antenna elements 3 and
4 were in phase or 180o out of phase with element 1.
Fig. 5.6(c) shows TARC curves when element 3 was kept in phase with element
1 while phases of element 3 and 4 were varied. Here as well, at least 60 MHz of
-6 dB bandwidth was achieved.
TARC curves of Fig. 5.6(d) were obtained by varying the phases of all three
elements with respect to element 1 in order of 60o or 90o. For all combinations,
at least 60 MHz of -6 dB bandwidth was achieved. This shows that the MIMO
operating bandwidth will be at least 50 MHz for a wide range of antenna excitation
combinations.
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Figure 5.6: TARC curves of the ISM band MIMO antenna system with diﬀerent
phase combinations between the 4-elements, (a) elements 1 and 4 are in phase, (b)
elements 1 and 2 are in phase, (c) elements 1 and 3 are in phase, (d) all elements
are out of phase.
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Figure 5.7: Correlation coeﬃcient curves of the ISM band MIMO antenna system.
For a uniformly distributed incident ﬁeld, the correlation coeﬃcient (ρ) be-
tween the antenna elements was computed from the measured S-parameters while
taking into the account of antenna radiation eﬃciency as discussed in Chapter 4.
Fig. 5.7 shows the correlation coeﬃcient between the antenna elements of the
MIMO antenna system. The curves are based on the antenna eﬃciency of η = 29%.
It is important to note that the maximum value of correlation coeﬃcient was 0.1
in the region of resonance. This value is well below 0.3 which is the maximum
value set for 4G standards.
Far Field Radiation Characteristics
The two dimensional gain patterns of the elements of the MIMO antenna sys-
tem were measured at an outdoor antenna range facility at Oakland University,
Michigan, USA. Fig. 5.8 and Fig. 5.9 show the normalized measured radiation gain
patterns of the proposed MIMO antenna system. All measurements were taken
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(a) (b)
Figure 5.8: Measured gain patterns of the ISM band MIMO antenna system. (a)
x-z plane at 2480 MHz, (b)y-z plane at 2480 MHz. Circles is co-pol element 1,
solid is co-pol element 2, dots is cross-pol element 1, dashes is cross-pol element
2.
at 2.48 GHz. The maximum measured gain at this frequency was -0.8 dBi. All
co-pol and cross-pol patterns for all antenna elements are presented. Fig. 5.8(a)
and Fig. 5.8(b) show the normalized gain patterns of antenna elements 1 and 2
for the x-z and the y-z planes, respectively. Similarly, Fig. 5.9(a) and Fig. 5.9(b)
show the normalized gain patterns of antenna elements 3 and 4 for the x-z plane
and the y-z planes, respectively.
The 3D radiation patterns of the elements of the MIMO antenna system were
obtained from HFSSTM . The radiation gain pattern of each element was obtained
by exciting the element and terminating the other elements with 50Ω load. The
radiation patterns were obtained at an operating frequency of 2.48 GHz. Fig. 5.10
shows the 3D radiation gain patterns of the four antenna elements. A signiﬁcant
back lobe was observed due to the CSRRs. The minimum front to back (F/B)
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(a) (b)
Figure 5.9: Measured gain patterns of the ISM Band MIMO antenna system. (a)
x-z plane at 2480 MHz, (b)y-z plane at 2480 MHz. Circles is co-pol element 3,
solid is co-pol element 4, dots is cross-pol element 3, dashes is cross-pol element
4.
ratio obtained from the simulations was 2.7 dB.
Mean Eﬀective Gain
The MEG of each element was computed from their two-dimensional gain patterns
using Eq. (4.9) and by assuming the conditions given in [78]. The MEG of the
proposed antenna are tabulated in Table 5.1. A cross polarization discrimination
(Γ) of 0 dB corresponded to an outdoor uniform propagation environment while
a Γ of 6 dB corresponded to an indoor uniform propagation environment. The
antenna showed good MEG performance as the maximum deviation between the
various element MEG values was less than 3dB.
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(a) (b)
(c) (d)
Figure 5.10: 3D radiation patterns of the ISM band MIMO antenna at 2480 MHz.
(a) Element 1 (b) Element 2 (c) Element 3 (d) Element 4
Table 5.1: MEG of the Antenna Elements of the ISM Band MIMO Antenna
System
Antenna
Element
MEG (Γ = 0 dB) MEG (Γ = 6 dB)
1 -5.44 -5.43
2 -5.65 -5.64
3 -8.00 -8.00
4 -8.69 -8.69
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5.1.3 Antenna Behavior Over a Conducting Plane
Since the resonance of the MIMO antenna system was a function of the CSRR
dimensions, any change in the CSRR would greatly eﬀect the performance of the
antenna. These changes may occur due to the interaction between the CSRR and a
conductive plane representing a backplane of an LCD or the electronics behind the
antenna system in a real system. The eﬀects of a conductive plane underneath the
antenna were investigated through simulations in HFSSTM . The antenna model
was ﬁrst placed over a ground plane. It was found that the resonance of the
antenna elements were completely lost when the CSRRs were in contact with the
ground plane. This was due to the fact that the CSRRs were eﬀectively lost and
the MPA elements were operating as if there were no CSRRs. Thus their resonant
frequencies were centered at 5.04 GHz.
Later, the MIMO antenna system was placed above a ground plane separated
by free space. The separation between the ground plane and antenna bottom side
was varied from 1 mm to 5 mm in 1 mm steps. It was found that as the distance
between the antenna and ground plane was increased, the reﬂection coeﬃcient of
the individual patch elements improved. At 5 mm height which corresponded to
0.04λ, the reﬂection coeﬃcient of each element of the MIMO antenna system was
almost equal to the one without the liquid crystal display (LCD) ground plane.
Fig. 5.11 shows the reﬂection coeﬃcients of antenna element 1 over an LCD ground
plane at diﬀerent distances. The reﬂection coeﬃcient curves of other antenna el-
ements followed the same trend. From these observations, it is concluded that in
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Table 5.2: Antenna Eﬃciency, Resonant Frequency and Front to Back Ratio in
the Presence of a Conducting Plane
Separation
Dis-
tance
Resonant
frequency
(GHz)
-6 dB
Band-
width
(MHz)
Eﬃciency
η (%)
Front to
back ratio
(dB)
1 mm 2.69 70 19 14.5
2 mm 2.53 70 23 13.9
3 mm 2.47 70 24 4.8
4 mm 2.47 70 24.5 6.7
5 mm 2.46 50 25 4.3
any practical design, the antenna must be placed carefully such that its bottom
side maintains a minimum distance of 3-5 mm from any conductive plane. Oth-
erwise, the antenna and the CSRR dimensions need to be optimized to resonate
at the desired frequency in the presence of a nearby ground plane.
The resonant frequency of the antenna, bandwidth, its radiation eﬃciency at
the resonant frequency and its F/B ratio for diﬀerent separation distances between
the LCD ground plane and the antenna are tabulated in Table 5.2. These numbers
are for all the antenna elements, as they had similar behavior as a function of the
distance from the LCD ground plane.
A maximum shift in the resonant frequency of the antenna and lowest eﬃciency
were obtained when the conducting plane was close. Also, the antenna was more
directive. As the separation between the conducting plane and antenna increased,
the antenna became less directive and the back lobe became more signiﬁcant
representing a ground free case. At a separation distance of 5 mm, there was a
signiﬁcant back lobe and the F/B ratio was 4.3 dB which is 1.6 times better than
without an LCD ground plane. The radiation pattern of antenna element 1 in
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Figure 5.11: Eﬀect of LCD ground plane below the antenna on the reﬂection
coeﬃcient.
the presence of a conducting plane at 5 mm distance is shown in Fig. 5.12. It is
evident from the ﬁgure that the antenna has signiﬁcant radiation in the direction
of the conducting plane. The same trend was observed for other antenna elements
(2 to 4).
The eﬀect of antenna radiation on the conducting plane was observed by ﬁnd-
ing the surface current density on the conducting plane due to backward radiation.
These eﬀects were observed for diﬀerent separation distances between the antenna
and the conducting plane. Each antenna element was excited individually while
the others were terminated with matched loads and the surface current density
was calculated on the conducting plane. All antenna elements had a similar eﬀect
on the conducting plane. Some excited current density on the conducting plane
was observed which was below the excited antenna element. This density was
2 A/m when the conducting plane was at a distance of 1 mm from the antenna.
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Figure 5.12: Radiation pattern of antenna element 1 in the presence of a conduct-
ing plane at 5 mm
The current density decreased signiﬁcantly as the separation distance between an-
tenna and conducting plane increased. The maximum current density of 0.8 A/m
was observed at a separation distance of 5 mm. Fig. 5.13(a) and Fig. 5.13(b) show
the current density distribution on the conducting plane due to antenna element 1
for a separation distances of 1 mm and 5 mm, respectively.
5.1.4 Channel Capacity Estimation
An important performance measure of a MIMO antenna system is the measure
of its multiplexing gain that it can oﬀer when used in actual environment. To
measure this performance of the 4-element ISM band MIMO antenna system,
it was used with MIMO system and channel coeﬃcient matrix were computed
through measurements in the indoor environment. The matrix was then used
with Eq.(4.2) to compute the maximum channel capacity that the MIMO system
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(a) (b)
Figure 5.13: Current distribution on the conducting plane when the separation
distance is (a) 1 mm , (b) 5 mm
can obtain when using the proposed antenna in the indoor environment. It was
also compared with the same system when an array of standard monopoles were
used.
Measurement Setup
A series of measurement campaigns were carried out to compute the channel coef-
ﬁcient matrix for the printed antenna as well as an array of monopoles operating
in an indoor environment. A Software Deﬁned Radio (SDR) platform was used
for carrying out the channel measurements on the printed antennas. The platform
consists of an SDR transmitter and receiver each equipped with a Xilinx Vertix
4 FPGA, 8-channel ADC/DAC, and quad RF modules that operated at the 2.4
GHz/5 GHz unlicensed bands. The SDR platform was capable of implementing a
complete 4x4 MIMO communication system. A single carrier BPSK burst modem
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communication system was implemented on the SDR platform.
On the transmitter side, bursts were transmitted at the rate of 97.7 kBursts/s.
In a 4x4 MIMO communication system context, a transmitted burst consisted of
a start bit followed by 4 channel estimation pulses of equal magnitude with each
pulse being transmitted from one of the transmitters in a time-division multiplexed
form, and the data was transmitted afterwards. During the channel estimation
pulses, each transmitter remained silent at the time at which other transmitters
were transmitting their pulses. On the receiver side, the start bit of each burst
of data was used for frame and bit synchronization. The start bit allows each
receiver to adjust the timing for detecting the channel estimation pulses as well as
the data bits. Each receiver at the proper time following the reception of the start
bit the magnitude and phase associated with each of the 4 transmitted channel
estimation pulses resulting in producing a complex-valued channel matrix. For
each channel being measured, the channel matrix was averaged over around 10,000
bursts to get a more accurate channel matrix estimation. The measurement setup
consisting of the MIMO antenna system mounted on the SDR platform is shown
in Fig. 5.14.
Measurement Scenario
The measurements were carried out in an indoor environment. The indoor envi-
ronment was comprised of a corridor which was 10 feet (3 meters) wide and 10
feet (3 meters) high. There were concrete walls on each side while the ceiling was
made up of conducting sheet. The measurements were taken for LOS as well as
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Figure 5.14: Measurement setup at the receiver end
NLOS case. Fig. 5.15(a) shows the measurement scenario for the LOS case and
Fig. 5.15(b) shows the measurement scenario for the NLOS case. In the LOS case,
the two radios were placed at an average distance of 20 feet from each other. Since
the environment was time varying, a number of realizations of ‘H’ were obtained
by slightly varying the position of transmitter and receiver. The channel matrices
obtained were then normalized using the procedure given in [136].
The NLOS measurement were taken by moving the receiver to a corner of the
corridor. The average distance of transmitter during the measurements was 20
feet (6 meter) from the corner while the distance of receiver from the corner was
10 feet (3 meter) as shown in Fig. 5.15(b).
Measurement Results
Initially, monopole antennas were mounted on the receiver and the transmitter
end. The distance between the adjacent monopoles was λ/2. The measurements
were taken for the LOS and NLOS case to compute channel coeﬃcient matrix.
Then the printed antenna was mounted on the receiver and transmitter end and
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Figure 5.15: Layout of measurement scenario (a) LOS measurement , (b) NLOS
measurement
similar procedure was followed. The channel coeﬃcient matrix obtained for the
printed antenna for the LOS case is given below :
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.2223∠3.27 0.3697∠4.4 0.2423∠3.17 0.2771∠3.61
0.3795∠4.06 0.4485∠0.25 0.5481∠4.19 0.2676∠5.55
0.3160∠5.3 0.6124∠0.64 0.3306∠5.39 0.4227∠5.96
0.4177∠5.67 0.2820∠1.99 0.6085∠5.81 0.1576∠0.92
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(5.1)
For the NLOS case, the channel matrix obtained is
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0.07∠2.47 0.36∠0.62 0.18∠4.41 0.43∠5.94
0.19∠0.32 0.52∠6.13 0.25∠3.58 0.64∠4.86
0.26∠2.23 0.45∠1.35 0.61∠5.34 0.30∠0.22
0.37∠2.73 0.80∠1.29 0.44∠5.41 0.98∠0.11
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(5.2)
From these measured channel matrices for the LOS and NLOS cases in indoor
environment, the channel capacity of the MIMO system when using the 4-element
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Figure 5.16: Average channel capacity in LOS indoor environment
MIMO antenna system as well as when using the array of monopoles was calcu-
lated using Eq. 4.2. Fig. 5.16 shows the measured channel capacity curves of the
two antenna in the LOS environment. As evident from the capacity curves in
Fig. 5.16, the channel capacity of the 4-element MIMO antenna system was less
than the capacity of a 4×4 monopole antenna array while the capacity of both
the systems was less than the ideal capacity of a 4×4 MIMO antenna system.
This was mainly due to the high correlation between the channels which degrades
the performance of a MIMO system. The capacity of the printed antenna was
lower than the monopole antenna array because of the fact that the antenna el-
ements were very closely placed and the isolation between antenna elements was
only 10 dB. Similar observations were obtained in the NLOS case for which the
capacity curves of the two antenna systems are shown in Fig. 5.17.
Fig. 5.18 shows the cumulative distribution function of the channel capacity
of the printed antenna in LOS as well as NLOS environments calculated at an
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Figure 5.17: Average channel capacity in NLOS indoor environment
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Figure 5.18: CDF of the channel capacity of the MIMO antenna system in Indoor
environment
SNR of 20 dB. The curves show that although the performance obtained was less
than the ideal capacity, the printed MIMO antenna system performance was still
better than a SISO system in such environments.
The average capacity curves of the 4-element MIMO antenna system in the
LOS and NLOS environment were compared. The antenna showed a better per-
formance in the NLOS case since the channel induced correlation in such a case
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Figure 5.19: Comparison of the average channel capacity of the printed MIMO
antenna system in LOS and NLOS scenario
was less than the LOS case. Fig. 5.19 shows the average channel capacity curves
of the printed antenna in the LOS and NLOS environment. It can be seen that
the average channel capacity of the antenna at 20 dB SNR is 8.9 bits/sec/Hz and
7.1 bits/sec/Hz in the NLOS and LOS indoor environment, respectively. These
ﬁgures were higher than a SISO system operating at the same SNR.
5.2 4-Element and 8-Element MIMO Antenna
Systems Operating in the 5 GHz Band
The 5 GHz is a new band which has been assigned for WiFi in the IEEE 802.11ac
standard for high data rates [3]. This standard speciﬁes 2-element, 4-element
and 8-element MIMO antennas. The maximum bandwidth in this standard has
been enhanced to 80 MHz and 160 MHz. Thus, compared to the conventional
standard for WiFi in the 2.45 GHz band, this new standard oﬀers highly enhanced
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performance. Apart from the use for WiFi, the 5 GHz band contains the ISM
bands too which are likely to be utilized for up-coming short range communication
systems. Some of these systems will use the MIMO architecture for high data rate
communication. Therefore, MIMO antennas designs covering this band are also
required.
Using the proposed CSRR-loaded miniaturized MPAs as the elements, a com-
pact 2×2 (4-element) and 4×2 (8-element) MIMO antenna system were designed
and analyzed. The antenna operated in the 5 GHz band and comply with the
standards of IEEE 802.11ac. The form factor of the design was chosen such that
it can be easily integrated in hand-held devices. The antenna was designed, fab-
ricated and analyzed. The design and analysis of the antennas are presented in
the following sub-sections.
5.2.1 MIMO Antenna Design
A MPA of dimensions 11×8 mm2 was ﬁrst designed on an FR-4 substrate with
dielectric constant of 4.4 and thickness of 0.8 mm. This dimension of the MPA
was chosen so that when a 4-element and 8-element MIMO antenna system was
to be designed with the MPAs as its elements, the total area of the MIMO an-
tenna system remained within the form factor of a typical hand-held device with
reasonable spacing between antenna elements. The MPA was fed by a microstrip
line with inset feed to match antenna with 50Ω. The MPA was miniaturized and
tuned at 5 GHz using the proposed technique as outlined in Chapter 3.
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Figure 5.20: Geometry of the 4-element 5 GHz band MIMO antenna system, (a)
Top view, (b) Bottom view.
Once the design of single MPA was ﬁnalized, it was used to make MIMO
antenna system by replicating the same design with spacing. For the 2×2 (4-
element) MIMO antenna system, four patch elements were placed together with
a spacing of 5 mm from each other. The total space occupied by the four antenna
elements was 50×50 mm2. An additional space of 50×50 mm2 was left as GND
plane which could be used by IC’s and other electronic equipment used in a
practical transceiver design. The diagram of top and bottom side of 4-element
MIMO antenna system is shown in Fig. 5.20.
For the 4×2 (8-element) MIMO antenna system, eight patch elements were
placed together with a spacing of 5 mm from each other. The total space occupied
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Figure 5.21: Geometry of the 8-element 5 GHz band MIMO antenna system, (a)
Top view, (b) Bottom view.
by the four antenna elements was 50×70 mm2. an additional space of 50×30 mm2
for other IC’s and electronic equipment was left as GND plane. Thus the total size
of the antenna was 50×100 mm2.The diagram of top and bottom side of 8-element
MIMO antenna system is shown in Fig. 5.21.
5.2.2 Simulation & Measurement Results
The 4-element and 8-element MIMO antenna systems working in the 5 GHz bands
were ﬁrst designed and tuned using HFSSTM . They were then fabricated. The
scattering parameters of the MIMO antennas were measured using the network
analyzer. The two dimensional gain measurements of the MIMO antennas were
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carried out at an outdoor antenna test facility (at Oakland University, Michigan,
USA). The results obtained from the simulations as well as measurements of the
MIMO antennas and their analysis is given in the following sub-sections.
Reﬂection Coeﬃcient and Isolation
The reﬂection coeﬃcients of the MIMO antenna systems were ﬁrst obtained by
simulation in HFSSTM . All antenna elements were resonating roughly at 5.01
GHz with a minimum -6dB (VSWR<3) bandwidth of 160 MHz. The reﬂection
coeﬃcients obtained through the measurements of the fabricated MIMO antenna
system were slightly diﬀerent. The resonant frequency of the antenna elements of
4-element MIMO antenna system was around 5.08 GHz while it varied between
5.04 GHz to 5.08 GHz for the antenna elements of 8-element MIMO antenna
system. These diﬀerences are attributed to the diﬀerence in the material proper-
ties of the substrate used in fabrication from the one deﬁned in the simulations.
The reﬂection coeﬃcients of the 4-element MIMO antenna system are shown in
Fig. 5.22. A minimum -6dB (VSWR<3) bandwidth of 95 MHz was obtained
through measured reﬂection coeﬃcients.
The measured reﬂection coeﬃcients of the 8-element MIMO antenna system
are shown in Fig. 5.23. A minimum -6dB bandwidth of 80 MHz was observed in
these measurements.
The isolations between the antenna elements of the 4-element antenna are
shown in Fig. 5.24. These curves shows the isolation of antenna element 1 with
other antenna elements. Due to symmetry in the design, the isolation between
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Figure 5.22: Reﬂection coeﬃcient of the 4-element 5 GHz band MIMO antenna
system
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Figure 5.23: Measured reﬂection coeﬃcient of the 8-element 5 GHz band MIMO
antenna system
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Figure 5.24: Isolation between the antenna elements of the 4-element 5 GHz band
MIMO antenna system
other sets of antenna elements can be found from the same curves. A minimum
isolation of 10.66 dB is obtained which is between the antenna elements whose ra-
diating edges are facing each other. For all other combination of antenna elements,
the isolation is much higher than 10.66 dB.
The isolation curves for 8-element MIMO antenna system are shown in
Fig. 5.25. Here too, only the isolation between antenna element 1 with other
antenna elements is shown. Due to symmetry in design, isolation for all other
combination of antenna elements resembles one of the curve. A minimum isola-
tion of 10.53 dB was observed between antenna elements whose radiating edges
were facing each other.
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Figure 5.25: Isolation between the antenna elements of the 8-element 5 GHz band
MIMO antenna system
Current Distribution
The surface current distributions on the antenna were obtained through simula-
tions. For the 4-element MIMO antenna system, these distributions were obtained
at an operating frequency of 5.08 GHz. Fig. 5.26 shows the current distribution
on the top and bottom side of the 4-element MIMO antenna when element 1
was excited while all other ports were terminated with 50Ω. From the current
distribution it was observed that the main radiating element is patch while some
radiation was also along the edges of the CSRR underneath the patch. The cou-
pling between antenna elements 1 and 2 was visible since the isolation between
these two antenna was low. The coupling between antenna element 1,3 and 1,4
was insigniﬁcant.
Fig. 5.27 shows the surface current distribution of 4-element antenna when
element 4 was excited while other ports were terminated with 50Ω. A high current
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(a) (b)
Figure 5.26: Current distribution on the 4-element MIMO antenna system at 5.08
GHz when element 1 is active, (a) Top side, (b) Bottom side
distribution along the radiating edge of patch showed that main radiating element
was patch. Signiﬁcant currents were also visible along the edges of the CSRR
underneath the patch. The coupling with antenna element 3 was observed while
coupling with antenna elements 1 and 2 was insigniﬁcant.
The surface current distributions for the 8-element MIMO antenna system
were obtained at an operating frequency of 5.04 GHz. Fig. 5.28 shows the current
distribution on the top and bottom of the antenna when element 1 was active
while other ports were terminated with 50Ω. Fig. 5.29 shows the current distribu-
tion on the top and bottom of the antenna when element 3 was active while other
ports were terminated with 50Ω. Due to symmetry in the design, similar cur-
rent distributions were obtained when other antenna elements were active. These
current distributions showed a high current density along the radiating edge of
the active patch, signiﬁcant currents along the edges of the CSRR and a coupling
between active element with the element facing the radiating edge of the active
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(a) (b)
Figure 5.27: Current distribution on the 4-element MIMO antenna system at 5.08
GHz when element 4 is active, (a) Top side, (b) Bottom side
element.
TARC ,Correlation Coeﬃcient
The TARC curves was obtained by keeping the amplitude of all ports at unity
and varying their phases. Fig. 5.30 shows the TARC curves for the 4-element
MIMO antenna system. Fig. 5.30(a) shows the TARC curves when element 4
was in phase with element 1 while the phases of element 2 and 3 were varied. A
-6 dB bandwidth of at least 80 MHz was observed. This occurred when either
the elements 2 and 3 were in phase with element 1 or 180o out of phase with
element 1. TARC curves shown in Fig. 5.30(b) were obtained when element 2
was kept in phase with element 1 while phases of element 3 and 4 were varied.
Fig. 5.30(c) shows TARC curves when element 3 was kept in phase with element
1 while phases of element 3 and 4 were varied. TARC curves of Fig. 5.30(d) were
obtained by varying the phases of all three elements with respect to element 1 in
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Figure 5.28: Current distribution on the 8-element MIMO antenna system at 5.04
GHz when element 1 is active, (a) Top side, (b) Bottom side
(a) (b)
Figure 5.29: Current distribution on the 8-element MIMO antenna system at 5.04
GHz when element 3 is active, (a) Top side, (b) Bottom side
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order of 60o or 90o. For all combinations, at least 80 MHz of -6 dB bandwidth was
achieved. This showed that the MIMO operating bandwidth was at least 80 MHz
for a wide range of antenna excitation combinations.
For the 8-element MIMO antenna, the TARC curves for various combination
were evaluated. A minimum of 80 MHz bandwidth was obtained in each combi-
nation of the phases of the excited ports. Fig. 5.31 shows the TARC curves of
8-element antenna system when element 1 was kept as 1ej0 while the phases of all
other ports were either 0o, 60o, 90o, 120o or 180o.
For the 4-element MIMO antenna system, the envelope correlation coeﬃcient
obtained between antenna elements is shown in Fig. 5.32. A maximum correlation
coeﬃcient of 0.28 was obtained between antenna elements whose radiating edges
were facing each other. A high coupling between these antenna elements was
observed earlier in the isolation and current distribution ﬁgures.
Fig. 5.33 shows the envelope correlation coeﬃcient obtained between the an-
tenna elements of 8-element MIMO antenna system. Here too, a maximum corre-
lation coeﬃcient of 0.3 was observed between antenna elements whose radiating
edges were facing each other.
Far Field Radiation Characteristics
The two dimensional gain patterns of both the antennas were measured. These
measurements were taken at 5.08 GHz for 4-element MIMO antenna system and
at 5.04 GHz for 8-element MIMO antenna system. Fig. 5.34 shows the normalized
gain patterns of all the four elements of 4-element MIMO antenna system. The
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Figure 5.30: TARC curves for the 4-element 5 GHz band MIMO antenna system
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Figure 5.31: TARC curves for the 8-element 5 GHz band MIMO antenna system
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Figure 5.32: Correlation coeﬃcient curves of the 4-element 5 GHz band MIMO
antenna system
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Figure 5.33: Correlation coeﬃcient curves of the 8-element 5 GHz band MIMO
antenna system
maximum measured gain was -0.8 dBi. Fig. 5.34(a) shows the gain patterns of
antenna elements in elevation plane while Fig. 5.34(b) shows the gain patterns of
antenna elements in the azimuth plane.
Fig. 5.35 shows the normalized gain patterns of the ﬁrst four elements of the 8-
element MIMO antenna system in the azimuth and elevation plane. For the other
four elements i.e. Element 5 to 8, the normalized gain patterns for the azimuth
and elevation plane are shown in Fig. 5.36. It was observed that the patterns were
similar to that of a conventional MPA with higher back lobes which were due to
the CSRR. The maximum gain measured at 5.04 GHz was -0.9 dBi.
Mean Eﬀective Gain
The MEG values for the MIMO antenna systems with Γ of 0 dB and 6 dB were
evaluated using the measured 2D radiation patterns. Table 5.3 shows the MEG
140
Figure 5.34: Normalized Gain patterns of the 4-element MIMO antenna system
measured at 5.08 GHz. (a) x-z plane (b) y-z plane [Black = Element 1, Pink =
Element 2, Blue = Element 3, Red = Element 4]
Figure 5.35: Normalized Gain patterns of the Element 1 to 4 of 8-element MIMO
antenna system measured at 5.04 GHz. (a) x-z plane (b) y-z plane [Black =
Element 1, Pink = Element 2, Blue = Element 3, Red = Element 4]
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Figure 5.36: Normalized Gain patterns of the Element 5 to 8 of 8-element MIMO
antenna system measured at 5.04 GHz. (a) x-z plane (b) y-z plane [Black =
Element 5, Pink = Element 6, Blue = Element 7, Red = Element 8]
Table 5.3: MEG of the 4-Element MIMO Antenna Systems
Antenna Element
¯
MEG(Γ = 0dB) MEG(Γ = 6dB)
1 -6.51 dB -5.24 dB
2 -6.5 dB -5.25 dB
3 -6.82 dB -5.85 dB
4 -6.92 dB -5.9 dB
values for 4-element MIMO antenna system and Table 5.4 shows the MEG values
for 8-element MIMO antenna system. In both designs, a 30% antenna eﬃciency
was considered for the calculations of MEG. In both the designs, the ratio of MEG
between the antenna elements diﬀers by less than 1 dB which is well below the
maximum 3 dB limit.
5.2.3 Channel Capacity Estimation
Since the measurement setup to ﬁnd the channel capacity was only available for
the ISM band, the channel capacity of the 5 GHz band 4-element and 8-element
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Table 5.4: MEG for the 8-Element MIMO Antenna Systems
Antenna Element
¯
MEG(Γ = 0dB) MEG(Γ = 6dB)
1 -6.2 dB -5.17 dB
2 -6.41 dB -5.34 dB
3 -6.62 dB -5.58 dB
4 -6.7 dB -5.77 dB
5 -6.8 dB -5.56 dB
6 -6.5 dB -5.22 dB
7 -7.13 dB -6.41 dB
8 -7.08 dB -6.40 dB
Figure 5.37: Average channel capacity of the 5 GHz band MIMO Antenna Systems
MIMO antenna systems was estimated using the theoretical models for a multi-
path urban environment operating at 5 GHz. The 2D ﬁeld patterns of the antenna
elements in the x-z plane were used in the calculations. The H matrix was com-
puted using Eq.(4.10) as outlined in the Chapter 4. Fig. 5.37 shows the average
channel capacity of the MIMO system using the proposed antennas. Both anten-
nas showed a good multiplexing gain for the MIMO system. At an SNR of 20 dB,
the average capacity oﬀered by the 4×4 system using the 4-element antennas was
13 bits/sec/Hz while for the 8×8 system, it was 17 bits/sec/Hz. The CDF for the
antennas calculated at 20 dB SNR is shown in Fig. 5.38.
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Figure 5.38: CDF of the channel capacity of the 5 GHz band MIMO antenna
systems
Fig. 5.38 shows the cumulative distribution function of the channel capacity
of the printed antenna in LOS as well as NLOS environments calculated at an
SNR of 20 dB. The curves show that although the performance obtained was less
than the ideal capacity, the printed MIMO antenna system performance was still
better than a SISO system in such environments.
5.3 2-Element Multi-band MIMO Antenna Sys-
tem
In the 4G-LTE standards, several bands are designated for the cellular communi-
cation. As these standards require the use of MIMO systems, the most challenging
MIMO antenna designs are in the lower bands such as 700 MHz band. Since the
size of antenna is large in this bands, making a MIMO antenna compatible with
hand-held devices require highly miniaturized antenna elements. Also, most of the
devices operate on multiple bands providing the various communication services
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Figure 5.39: Geometry of the 2-element LTE band MIMO Antenna System (a)
Top side , (b) Bottom side
simultaneously. Therefore, multi-band MIMO antenna systems are preferred for
such applications. A compact 2×1 (2-element) MIMO antenna system was there-
fore made for the lower LTE band. The antenna was made up of miniaturized
MPAs which were designed using the proposed technique of etching the CSRR
underneath the patch and tuning it to get the required resonance. The antenna
was also analyzed for multi-band operation and its operation in higher bands was
also examined. This antenna can be used in small tablets, wireless routers and
tablet PCs.
5.3.1 MIMO Antenna Design
Fig. 5.39 shows the geometry of the MIMO antenna system which consists of the
miniaturized MPAs. The antenna was designed on an FR4 substrate having a
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(a) (b)
Figure 5.40: Fabricated 2-element LTE band MIMO Antenna System (a) Top side
, (b) Bottom side
dielectric constant of 4.4 and thickness of 0.8 mm. Two identical patch anten-
nas with a 10 mm separation were used. The dimensions of each patch were
44×35 mm2. Each patch was excited by a 50Ω microstrip feedline. The patch
resonated at 2.04 GHz without CSRR loading. The CSRR was etched out un-
derneath each MPA and its dimensions were varied according to the proposed
methodology discussed in Chapter 3 to tune the MPA to have their lowest reso-
nance at 750 MHz. An 85% reduction in the size of a single patch was achieved
using the proposed technique compared to an single regular patch operating at
750MHz.
5.3.2 Simulation & Measurement Results
The antenna was ﬁrst designed and tuned in HFSS. It was then fabricated and its
S-parameters were measured using Agilent vector network analyzer (N9918A). The
far-ﬁeld radiation patterns and gain measurements of the antenna were carried out
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using the Satimo Starlab anechoic chamber at KAUST, Saudi Arabia. Fig. 5.40
shows the fabricated antenna structure. The results obtained from simulations
and measurements and their analysis is given in the following sub-sections.
Reﬂection Coeﬃcient and Isolation
The S-parameters of the MIMO antenna system obtained from simulations and
measurements are shown in Fig. 5.41. The antenna resonated at 750 MHz with
a -6dB bandwidth of 40 MHz. A further analysis showed that the antenna also
resonated at 1.17 GHz, 1.7 GHz and 2.35 GHz. The -6dB bandwidths covered in
these bands were, 1.16-1.21 GHz, 1.68-1.73 GHz and 2.33-2.39 GHz, respectively.
These relatively narrow bandwidths are considered useful for some of the currently
available wireless standards such as LTE 700 MHz band 13, GPS L5 band and LTE
TDD bands. The minimum measured isolation between the antenna elements of
the MIMO antenna system were -10 dB, -13.28 dB, -16.23 dB and -20 dB in the
750 MHz, 1.17 GHz, 1.7 GHz and 2.35 GHz bands, respectively.
Current Distribution
The current distributions over the top and bottom surfaces of the MIMO antenna
system were obtained to get a better understanding of the antenna behavior. An-
tenna element 1 was excited and antenna element 2 was terminated with a 50Ω
load. These current distributions were obtained at the frequencies of 750 MHz,
1170 MHz, 1700 MHz and 2350 MHz. Fig. 5.42 shows these current distribution
on the antenna surfaces. It is obvious that the patch is the main radiator and it
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Figure 5.41: S-parameters of the 2-element LTE band MIMO antenna system
radiates well at all of the four frequencies with diﬀerent modes. Due to symme-
try in antenna design, similar current distributions were obtained when antenna
element 2 was excited.
TARC, Correlation Coeﬃcient & MEG
The TARC for the 2-element MIMO antenna system was calculated. Fig. 5.43
shows the TARC curves of the antenna for diﬀerent phase diﬀerences (0o - 180o in
30o steps). The curves show that the antenna maintains its resonance in all four
bands for diﬀerent phase combinations with only a slight decrease in bandwidth.
MEG was calculated from the 2D radiation pattern of each antenna element
in the y-z plane. In the calculation of MEG, Γ = 0 dB was considered because
it represents a mobile urban environment. Correlation coeﬃcient was calculated
from the measured S-parameters while taking into the account of antenna’s ra-
diation eﬃciency. The values of ρ and MEG along with the radiation eﬃciency
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Figure 5.42: Current distribution on the 2-element LTE band MIMO antenna
system when element 1 is active, (a) at 750 MHz, (b) at 1170 MHz, (c) at 1700
MHz, (d) at 2350 MHz
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Figure 5.43: TARC curves of the 2-element LTE band MIMO antenna system
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Table 5.5: MEG, Radiation Eﬃciency and Correlation Coeﬃcient of the Multi-
band MIMO Antenna System
Band MEG
Ele-
ment 1
(dB)
MEG
Ele-
ment 2
(dB)
Radiation
Eﬃciency
η1 (%)
Radiation
Eﬃciency
η2 (%)
Correlation
Coeﬃ-
cient
ρ12
750
MHz
-5.88 -5.67 28 27.62 0.05
1170
MHz
-7.05 -6.68 12.40 14.30 0.05
1700
MHz
-5.28 -5.35 21 21 0.05
2350
MHz
-13.13 -11.27 19 19 0.01
of the antenna elements are tabulated in Table 5.5. The low radiation eﬃciency
of the antenna elements in all bands is due to the use of the CSRR and due to
small electrical size of the antenna in the lower band. The antenna diversity per-
formance in all the four bands was within the acceptable limits of MIMO antenna
standards.
2D Radiation Patterns
The gain patterns of the antenna were measured at 750 MHz, 1170 MHz, 1700
MHz and 2350 MHz. Fig. 5.44 shows the normalized gain patterns of each antenna
element. Figs. 5.44(a) and Fig. 5.44(b) show the normalized gain patterns of the
antenna elements measured at 750 MHz in x-z plane and y-z plane, respectively.
The maximum gain of the antenna at this frequency was 3.36 dBi. The patterns
of the antenna elements at 1170 MHz and 1700 MHz for the two planes are shown
in Figs. 5.44(c), Fig. 5.44(d) and Figs. 5.44(e), Fig. 5.44(f), respectively. The
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maximum measured gain of antenna at 1170 MHz and 1700 MHz was -1.13 dBi
and -5.17 dBi, respectively. The maximum gain of the antenna at 2350 MHz was
-3.11 dBi. Fig. 5.44(g) and Fig. 5.44(h) show the normalized gain patterns of the
antenna elements at 2350 MHz in the two planes.
5.4 Isolation Enhancement in the MIMO An-
tenna System
The gains of MIMO system over SISO system depends on the number of uncorre-
lated channel between the receiver and the transmitter. Therefore, MIMO systems
are successful in only those environments where such condition is met. Apart from
the propagation environment, the correlation among channels is also introduced
due to the coupling between antenna elements of the MIMO system. The simplest
method to improve isolation between antenna elements is to increase the spacing
between them. However, this increases the size of the design and beyond a certain
limit, it makes the design incompatible for use in practical devices. Therefore,
much of the work on MIMO antenna system design solely focus on designing
isolation improvement mechanisms for closely spaced antenna elements. This in-
cludes the use of slots in the ground plane [137], microstrip line based decoupling
structures [138] and neutralization line between antenna elements [139].
For our proposed MIMO antenna systems using the miniaturized patches as
the antenna elements, the isolation was achieved by the element placement and
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Figure 5.44: Measured gain pattern of the proposed MIMO antenna system (a)
750 MHz x-z plane, (b) 750 MHz y-z plane, (c) 1170 MHz x-z plane, (d) 1170 MHz
y-z plane, (e) 1700 MHz x-z plane, (f) 1700 MHz y-z plane, (g) 2350 MHz x-z plane,
(h) 2350 MHz y-z plane
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spacing between them. A reasonable and acceptable isolation was achieved in each
case. However, to further improve the isolation between the antenna elements of
the proposed MIMO antenna systems, a new metamaterial-inspired method was
developed. In this method, a metamaterial (MTM) structure, split-ring resonator
(SRR) was used for isolation improvement by placing the SRR between the an-
tenna elements. An SRR is a MTM structure which was ﬁrst proposed in [140]. It
behaves as an LC resonator and act as a magnetic dipole when excited by an axial
magnetic ﬁeld [59]. The resonant frequency of the SRR depends on its dimen-
sions. Its equivalent circuit was derived in [59]. A simple empirical formulation
for predicting the resonant frequency of the SRR or getting the dimensions of the
SRR for a particular resonant frequency was given in [60].
In the proposed technique, the SRR with a resonant frequency equal to the
operating frequency of antenna was placed between the antenna elements pair
which had high coupling as compared to other pairs. The dimensions of the
SRR corresponding to the resonant frequency were calculated from the empirical
equations given in [60]. This resulted in a minimum of 4 dB increase in the
isolation between the antenna elements. The method was applied to the 4-element
antenna designed for the 2.45 GHz ISM band and thoroughly analyzed. The
details of this design and analysis is provided in the next sections. To prove the
generality of the method, it was also applied to the 4-element antenna operating
in the 5 GHz band, results of which are discussed in the subsequent sections.
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5.4.1 Isolation Improvement for the ISM BandMIMOAn-
tenna system
When properly designed and placed between antenna elements, the SRR can inter-
act with the magnetic ﬁelds and increase the isolation between antenna elements.
For the 4-element MIMO antenna system, the minimum isolation was measured
between antenna elements 1 & 2 and 3 & 4. Therefore, an SRR was placed be-
tween element 1 & 2 as well as between element 3 & 4 as shown in Fig 5.45.
The resonant frequency of the SRR was the same as that of antenna elements.
The dimensions of the SRR for this particular resonant frequency were obtained
from [60]. The SRR had a resonant frequency of 2.45 GHz on an FR4 substrate of
dielectric constant 4 and thickness 0.8 mm when its radius ’r2’ was 5.8 mm, width
of each ring ’w2’ was 0.6 mm, spacing between the two rings ’s2’ was 1.4 mm and
width of slit in each ring ’d2’ each was 1 mm.
The antenna was ﬁrst simulated in HFSS and then fabricated. The S-
parameters of the fabricated antenna were measured. A close agreement was found
between the simulation and measurement results. Fig. 5.46 shows the measured
S-parameters of the antenna. The antenna maintained its minimum bandwidth
of 50 MHz while the minimum isolation in the operating band was increased to
18 dB without aﬀecting the reﬂection coeﬃcients signiﬁcantly. By comparison
with the measured S-parameters of antenna without isolation structure, a min-
imum increase of 7 dB in isolation was achieved using the SRR based isolation
structure.
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Figure 5.45: Geometry of the 4-element ISM band MIMO antenna system with
SRR based isolation, (a) Top side, (b) Bottom side
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Figure 5.46: Measured S-parameters of the 4-element ISM band MIMO antenna
system with SRR based isolation
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The isolation mechanism was further analyzed by obtaining the surface current
density on the antenna surface and comparing it with the one obtained without
the isolation structure. Fig. 5.47 shows the current density on the top and bottom
sides of the antenna with and without the SRR based isolation structure. These
surface current densities were obtained by exciting antenna element 1 and termi-
nating all other elements with 50Ω. As seen from Fig. 5.47(a) & (b), high coupling
between antenna element 1 and 2 is observed. With the use of the SRR, the ra-
diated energy from the top as well as the bottom of antenna element 1 directed
towards antenna element 2 was coupled into the SRR as shown in Fig. 5.47(c) &
(d). This resulted in better isolation between the two elements. Due to symmetry
in the design, the same aﬀect was found between antenna elements 3 & 4.
Apart from isolation, the SRR based antenna was thoroughly analyzed and
compared with the antenna without the isolation structure. For this purpose,
diﬀerent parameters were obtained from simulations. These parameters included
the radiation eﬃciency , maximum gain and gain pattern of each antenna element.
These parameters were obtained by exciting the particular antenna element and
terminating other elements with 50Ω load.
From the obtained antenna eﬃciencies, it was found that the isolation struc-
ture did not aﬀect the radiation eﬃciencies of the antenna elements and they
remained almost the same. The antenna gain also remained the same for each
antenna element by the introduction of the SRR. For antenna elements 3 and 4,
the maximum gain was -0.1 dBi without the isolation structure. The gain of these
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(c) (d)
(a) (b)
Figure 5.47: Surface current density on the 4-element MIMO antenna system
when antenna element 1 is active,(a) Top side (without isolation structure), (b)
Bottom side (without isolation structure), (c) Top side (with SRR based isolation
structure),(d) Bottom side (with SRR based isolation structure)
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Table 5.6: Gain and Eﬃciency of the MIMO Antenna System with and without
the SRR Based Isolation Structure
Gain
with-
out
SRR
Gain
with
SRR
Eﬃciency
without
SRR
Eﬃciency
with
SRR
Element
1
-1.0 dBi -0.55
dBi
32.5% 31.5%
Element
2
-0.9 dBi -0.55
dBi
32.5% 31.5%
Element
3
-0.1 dBi -0.5 dBi 28% 28%
Element
4
-0.1 dBi -0.5 dBi 28% 28%
two antennas decreased a little due to the isolation structure. Thus with the SRR
between antenna elements 3 and 4, there maximum gain was -0.5 dBi. In the
case of antenna element 1 and 2, the isolation structure improved the maximum
gains of antenna elements slightly. Without the isolation structure, the gain was
-0.9 dBi which increased to -0.55 dBi with the use of the SRR (the presence of
of the close ground plane played a role here as well). The radiation eﬃciencies
and peak gain of the antenna elements of the two MIMO antenna systems are
tabulated in Table 5.6.
The correlation coeﬃcients between the antenna elements of the SRR-isolated
antenna were computed from its measured S-parameters. From the correlation
coeﬃcient curves, it was found that the increase in isolation also improved the
correlation coeﬃcient. The maximum correlation coeﬃcient for the SRR-isolated
MIMO antenna system was 0.058 in the operating band. The SRR based isolation
structure slightly changed the surface current densities on the patches and there-
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fore their radiation patterns were aﬀected. However, this eﬀect was negligible.
Fig. 5.48 shows the radiation patterns of antenna elements when used without the
isolation structure as well as with the SRR based isolation structure.
Fig. 5.48(a) shows the gain pattern of antenna element 1 in the x-z and y-z
planes with and without the use of isolation structure. Clearly, the radiation pat-
terns are only slightly aﬀected due to the SRR. Same results are seen in Fig 5.48(b)
where the radiation patterns of antenna element 4 in the x-z and y-z planes are
hardly aﬀected by the isolation structure. The radiation patterns for antenna
element 2 and 3 were same as that of antenna element 1 and 4, respectively.
5.4.2 SRR Based Isolation Improvement for Other Bands
To validate the generality of this method for the CSRR loaded patch antenna
based MIMO antennas, the SRR based isolation method was also applied to a
4-element MIMO antenna system operating in the 5 GHz band. Two SRR were
placed between antenna element pairs 1& 2 and 3& 4. The dimensions of the SRR
with resonant frequency of 5 GHz were calculated using the empirical formulas
given in [60]. The SRR resonated at 5 GHz when its radius (r2) was 2.4 mm, width
of each ring (w2) was 0.3 mm, spacing between the two rings (s2) was 0.7 mm
and width of slit in each ring (d2) each was 0.5 mm. From the simulations, it was
found that the SRR resulted in an increase of more than 4 dB isolation between
the antenna elements. Fig. 5.49 shows the S-parameters of the antenna with
SRR based isolation structure. The increase in isolation is clearly visible when
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Figure 5.48: Radiation patterns with and without the SRR based isolation struc-
ture, (a) Antenna element 1, (b) Antenna element 4
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Figure 5.49: Simulated S-parameters of the 4-element MIMO antenna system
operating in the 5 GHz band with SRR based isolation
compared to the isolation curves given in Fig. 5.22.
From these results, it was concluded that the SRR based isolation technique
was simple and easy to implement and provided increase in isolation without af-
fecting other antenna parameters. However, like any other technique, this too
has its drawback. This isolation technique is limited to single-band operations
and cannot be applied to improve isolation for all bands in a multi-band antenna.
Secondly, the size of the SRR depends on the frequency of operation. At lower
frequencies, the size of the SRR may become too large and render the implemen-
tation useless. Therefore, careful consideration is required to use this method.
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5.5 Comparison & Conclusions
A comparison of the proposed MIMO antenna system with some of the other well
sited designs in literature is shown in Table 5.7. The proposed antennas are planar
and compact and make use of the MPA which is rarely used as an element of the
MIMO antenna system. In the 5 GHz band, an 8-element compact and planar
MIMO antenna system was proposed which comply with the new standards. Such
an 8-element MIMO antenna systems are new in the literature. Due to their ease
of design, compact size and planar structure, the proposed antennas show a huge
potential for the practical use.
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CHAPTER 6
CONCLUSIONS & FUTURE
WORK
6.1 Conclusions
MIMO systems have received considerable attention among the researchers since
they can oﬀer higher data rates with better spectral eﬃciency. The performance
of a MIMO system greatly depends on the design and radiation characteristics of
its antenna. Therefore, the design and evaluation of MIMO antenna system has
been a topic of interest for the past few years. Many innovative designs of antenna
for MIMO system have appeared during this time.
The main objective of this research work was also to design and evaluate
several compact and low-proﬁle MIMO antenna systems for wireless devices. The
main issues in the design of MIMO antenna system were discussed and it was
highlighted that the research community working on this topic mainly focus on two
164
main issues. The ﬁrst one arised from the size of wireless devices which required
low-proﬁle and small antenna. This demanded the antenna designer to ﬁnd a
way to miniaturize the antenna elements beyond its conventional dimensions of
half-wavelength, so that it was possible to add multiple elements in limited space
for the MIMO antenna design. The second issue arised from the performance
consideration of MIMO system which required to have low correlation among its
channels. Therefore, from antenna designer’s point of view, it was to achieve high
port isolation and low correlation coeﬃcient among the antenna elements of the
MIMO antenna system.
This work mainly focused on the ﬁrst issue and tried to make compact MIMO
antenna systems by ﬁrst miniaturizing the antenna elements. MPA was studied
for use as an element of the MIMO antenna systems that were to be designed
for the lower LTE band, the 2.45 GHz ISM band the 5 GHz WiFi band. In all
of these bands, the conventional size of the MPA was too big to be used as an
element of the MIMO antenna system. An MTM-inspired miniaturization tech-
nique was proposed for the MPA. The technique was based on the CSRR-loading
of the MPA. It was evaluated thoroughly and a systematic design methodology
was developed for the miniaturization of MPA. The technique proved useful in the
design of miniaturized MPA in several bands with good radiation characteristics.
The designed MPA remained planar while achieving an 85% reduction in the path
area for the design made for the 750 MHz LTE Band. The proposed miniatur-
ization method also stood out from other MPA miniaturization techniques since
165
most of them lacked a design methodology for various bands.
Using the proposed miniaturized MPA as elements, MIMO antenna systems
were designed for the 750 MHz LTE-band, 2.45 GHz ISM-band and 5 GHz WiFi-
band. All antennas were made in a limited space and they conformed to the
dimensions of wireless devices where they could be used. The proposed antenna
were analyzed for various MIMO parameters where they showed satisfactory per-
formances. The designed MIMO antenna systems were also evaluated in real en-
vironment by implementing a MIMO system using SDR and using the proposed
antennas at its front end. The multiplexing gain of the system was analyzed and
the eﬀect of the antenna design on the multiplexing gain was shown.
An MTM-inspired isolation enhancement technique was also designed which
was incorporated with the proposed MIMO antenna systems. The single band
isolation enhancement was achieved by the placement of the SRR between the
antenna elements which resulted in lowering the coupling between the antenna
elements.
6.2 Future Work
The use of 4G services is increasing globally and in the year to come, more and
more devices will be implementing the MIMO systems. Therefore, the design
of MIMO antenna system will remain a topic of interest for few years to come.
Although several issues regarding the miniaturization of antenna for MIMO system
were addressed in this work, there are a lot of things that should be considered
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as future work.
The miniaturization technique should be improved further in terms of the
radiation eﬃciency of the antenna. Although, most of the reported MTM-inspired
miniaturization techniques have low yielded low eﬃciency antennas, the proposed
technique should be analyzed further and better designs of miniaturized MPA
should be sought.
The design proposed in this work were mainly focused on single band operation.
Since, most of the wireless devices operate for several standards simultaneously
(e.g. Cellular service + GPS + WiFi), therefore, it is important to look into
the multi-band characteristics of MIMO antenna system. Although, in one of its
operation, the proposed design showed multi-band behavior, it should be further
analyzed that how the higher order modes of the antenna can be controlled and
how eﬃciently will they radiate. For this purpose, the theory of characteristic
modes might be of great use, since it can provide the location of resonance of
higher order modes of the antenna, their corresponding radiation patterns and an
idea on how to excite those modes.
The placement of the proposed antenna elements to make a MIMO antenna
system can be analyzed further to decrease the correlation coeﬃcient between an-
tenna elements. This can also be achieved with the use of theory of characteristic
modes. Since the theory gives the idea of the radiation pattern of each mode, it
can be used to place the elements in such a way so as to minimize the correlation
coeﬃcient.
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